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Preface 


A student who takes a second course in organic chemistry should not 
be satisfied with merely memorizing a number of additional isolated 
facts. He should instead strive also to improve his understanding of the 
subject as a whole, and to develop a more mature attitude toward it. 
In particular, he should become familiar with the relationships which 
exist among the innumerable facts, and he should complete at least the 
first step toward mastering the theoretical basis of the science. In this 
book, I have presented the material whi(^h is, in my opinion, best suited 
to the needs of such a student. The book is therefore neither a large 
introductory textbook nor a monograph on some highly specialized topic, 
nor even a collection of short monographs on several different, more or 
less unrelated, topics. It is instead a textbook for a course in advanced 
organic chemistry; it is designed for students who have had previous 
training in both elementary organic chemistry and elementary physical 
chemistry. 

The primary guiding and unifying principle of the book is the struc¬ 
tural theory in its broadest sense. This one theory underlies the whole 
of organic chemistry; its different aspects are discussed in the various 
chapters. Throughout the book, considerable stress is laid upon the 
theoretical and empirical generalizations that have been found to be 
most widely applicable; the treatment, however, is kept as concrete and 
as precise as possible, and frequent references are made to the limitations 
of the so-called “general reactions.Accordingly, the convenient, but 
often misleading, use of the letter R is reduced to a minimum; hence, the 
compounds and reactions which are employed as illustrative examples 
are in most instances explicitly stated. Although it has not been my 
intention to deal exhaustively with reaction kinetics as such, I have 
ordinarily discussed the information that is now available in regard to 
the mechanisms of the reactions considered. Moreover, I have made a 
serious (even though not an entirely successful) attempt to provide clear, 
logical, and mutually consistent definitions of the technical terms that 
are used. The reader is, of course, assumed to be already familiar with 
the more elementary facts and theories which are discussed in all modern 
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introductory textbooks of organic and of physical chemistry; con¬ 
sequently, although these facts and theories camiot be entirely ignored, 
they are not stressed, exc^ept in so far as they may profitably be reviewed 
from a more advanced and more critical point of view. 

It is to be expected that many students will wish more information 
regarding some specific subjects than is contained in this book. Fairly 
complete references are therefore given to the original literature, to 
comprehensive review articles, and to monographs. In order, however, 
that the number of footnotes may be reduced to a reasonable figure, 
references are not ordinarily given for data that are listed in Beilsteins 
Handhitch der organischen Chernie. 

I wish at this time to thank Professors James K. Senior, Henry Taube, 
Wilbert H. Urry, and Frank H. Westheimer for their invaluable help, 
inspiration, and advice; Mr. Andrew D. Suttle for his assistance in read¬ 
ing stencils for the earlier mimeographed edition of this book; and the 
University of Chicago Bookstore both for its cooperation in the publica¬ 
tion of this earlier edition and for its permission to use copyrighted 
material from it. I wish also to acknowledge with thanks that Table 
3-1 is here reproduced by permission of Professors W. F. Luder and S. 
Zuffanti; that, in Chapters 4-9, many passages (which are too numerous 
to list) are reprinted by permission of the Encyclopsedia Britannica from 
my articles Isomerism and Stereochemistry; that Figure 9-2 is here re¬ 
produced by permission of Professor L. Ruzicka and the Society of 
Chemical Industry; that Chapter 11 is based entirely upon a memoran¬ 
dum which was prepared for me by Professor Frank 11. Westheimer; 
and that the translation of the “S. C. H. Windler^^ letter in Section 15-6 
is adapted, with permission, from an earlier translation by Dr. H. B. 
Friedman. 

' Since I realize that it is hardly possible for this book to be entirely free 
either from misprints or from still more serious errors, I will appreciate 
corrections and criticisms from its readers. 

G. W. Wheland 

Chicago, Illinois 

June, 1949 
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1 . 

Some Fundamental Concepts 

1 • 1 Introduction. This first chapter is devoted to a critical exami¬ 
nation of a few of the fundamental concepts that will be employed 
throughout the book. The purpose of this examination is not so much 
to reveal the “true^' or “correct^' interpretations of these concepts, what¬ 
ever they may be, as to call attention to the complexity of even the most 
familiar ideas of chemistry which ^'everyone understands'^ but which 
practically no one ever takes the trouble to define precisely and un¬ 
ambiguously. It will be found that the attempt to define these ideas 
encounters great difficulties—difficulties which are in no way lightened 
by the fact that, in many instances, chemists have never reached general 
agreement as to just what the desired precise meanings are. No claim 
therefore is made that the definitions formulated in this chapter (and on 
numerous further occasions in subsequent chapters) are the best and 
most logical ones that can be devised, or even that they represent the 
views of all organic chemists. The maximum claim that can be made 
for them is that they provide a convenient compromise between the de¬ 
sire, on the one hand, to achieve complete precision and self-consistency, 
and, on the other hand, to adhere as closely as possible to common usage, 
to the extent that a common usage can be said to exist. In those in¬ 
stances, of which there are several, in vfhich the definitions either leave 
room for ambiguity or depart considerably from common usage, or both, 
an attempt will be made to give the reader proper warning. 

1*2 Organic Chemistry. The historical reasons which led to the 
adoption of the word ‘^organic'' as a description of the particular branch 
of chemistry with which this book is concerned are well known. More¬ 
over, the fact that those historical reasons soon lost their validity as the 
doctrine of 'Vital force" fell into disrepute is also well known. (See the 
following paragraph.) Nevertheless, the division of chemistry into 
"organic" and "inorganic" has continued to be useful, and so has been 
retained. At the present time, of course, the distinction between organic 
and inorganic compoimds is based not upon their origin in living or non¬ 
living matter, respectively, but rather upon their elementary composi¬ 
tion. The most common statement of the distinction which is encoun- 
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tered nowadays is that a substance is organic if it contains carbon, and 
is inorganic if it does not. Although this statement is probably as 
nearly satisfactory as any that can be formulated simply, it is still not 
completely adequate. On the one hand, it classifies elementary carbon, 
carbon dioxide, and the metal carbonates, for example, as organic, al¬ 
though these substances have been found to be most conveniently 
grouped with the inorganic substances. Moreover, it classifies molecular 
hydrogen, water, and ammonia, for example, as inorganic, although an 
organic chemist might possibly ^vish to claim them as the simplest par¬ 
affin, the simplest alcohol, and the simplest amine, respectively, just as 
he claims formaldehyde as the simplest aldehyde. 

The abandonment of the doctrine of “vital forcc’^ presents an interesting example 
of chemical mythology.^ It is at present a widely held belief that in 1828 Wohlt^r 
synthesized urea from ammonium cyanate; * that, by thus preparing an organic 
substance from an inorganic one, he <;onclusively proved the nonexistence of any 
essential difference between organic and inorganic mail(ir; and that the formerly 
current doctrine of vital force was thereforii immediately abandoned by all com¬ 
petent chemists. This belief, which apparently stenns from a stattnnent made by 
Hofmann * many years later on the occasion of Wohler’s death, is not, however, 
entirely correct. At the time of Wohler^s work, no method had as yet been devised 
for the preparation of either ammonia or cyanic acid from the elements (or from 
any other definitely inorganic substances); instead, theses compounds could then be 
made only from such typically organic materials as horns, hoofs, or blood. Conse¬ 
quently, Wohler did not, in the strictest sense, synthesize urea at all (i.c., he did 
not make it from the elements); moreover, he did not even show that this compound 
can be prepared from inorganic substances. (The first naturally occurring organic 
compound that was made artificially from the elements is usually said ^ to have 
been acetic acid.^) These; limitations were explicitly recognized by Wohler, who 
therefore did not claim either that he had synthesized urea or that his preparation 
disproved the theory of vital force. There is no evidence that his contemporaries 
assigned any deeijer significance to his work than Ik* himstdf did; indeed, for a num¬ 
ber of years after 1828, many of the leading chemists of the day continued to speak 
of vital force as an unquestioned fact. Not until the middle of the nineteenth cen¬ 
tury, or perhaps even later, was the doctrine gradually brought into disrepute by 
the slow accumulation of chemical knowledge. 

Although the usual definition of organic chemistry is completely un¬ 
ambiguous, it does not (as was seen above) always agree perfectly with 
the way in which the term is actually used in practice, and it sometimes 
draws a sharp distinction where relatively little chemically important 
difference exists. A further peculiarity of the definition in question is 
that it assigns to carbon a unique role which is not shared by any of the 

1 Cf. D. McKie, Nature 153 , 608 (1044). 

* F. W6hler, Ann. Physik [2] 12, 253 (1828); Ann. Mm. [2] 37, 330 (1828). 

* A. W. Hofmann, Ber, 16 , 3127, 3152 (1882). 

* H. Kolbe, Ann. 54 , 145 (1845). 
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remaining elements. There is, for example, no separate branch of chem- 
istiy which deals exclusively with the compounds of boron, or of zir¬ 
conium, or of the like. Why then is carbon so honored? A common ex¬ 
planation offere^d is that carbon forms a much greater number of com¬ 
pounds than does any othcjr element, so that the number of organic 
compounds reported in the chemical literature is several times as large 
as is that of all the inorganic compounds combined. This explanation 
is often supplemented by the further one that the existence of such a 
tremendous number of carbon compounds is due to the unique ability 
of carbon atoms to form long chains. Thus, although carbon chains of 
more than a hundred atoms have been prepared, and have been found to 
be quite stable, the longest nitrogen chain that is at present known is 
composed of only eight atoms,^ and any compound containing it is very 
unstable. 

A consideration of the question whether carbon does indeed possess 
the unique properties attributed to it will be both interesting and in¬ 
structive. In the first place, it is probably not true that there are more 
known compounds of carbon than of any other element. Although there 
are undoubtedly more organic than inorganic compounds, nevertheless, 
nearly all the organic substances contain hydrogen as well as carbon (the 
formula index of Beilsteins Handbuch der organischen Cliemte lists only 
about 400 compounds not containing hydrogen), and a very large num¬ 
ber of the inorganic compounds contain hydrogen too. It appears rather 
likely, therefore, that the compounds of hydrogen outnumber those of 
carbon by a wide margin. A different way of viewing the situation is 
suggested by Table 1 • 1, in which are listed the numbers of known binary 
compounds R^Qn, where R is O, Cl, F, and H; and Q is an element of 
the first short period. The figure given for the hydrides of carbon is 
doubtless much too low because it is complete only through 1919. The 
remaining figures, however, are more nearly up to date .and should be 
fairly accurate. From the first row of the table, carbon is seen to be by 
no means unusual in its ability to form oxides; in fact, there are fewer 
known oxides of carbon than there are of nitrogen. From the second 
row, carbon is seen to be somewhat, but not extraordinarily, superior to 
any of the other first-period elements in its ability to form chlorides. 
Here, however, it should be noted that several of the chlorides included 
in this list were poorly characterized by their discoverers and may not 
actually exist, and also that the relatively large number of reported car¬ 
bon chlorides can be considered merely to reflect the enormous number 
of hydrocarbons from which they can conveniently be made. From the 

®For example, 1 , 3 , 6 , 8 -totraphenyloctazatriene C6H6—N—N—N(CeH6) N=N N- 
(CeU#)—N—NCoHt [A. Wohl and H. Schiff, Ber. 33, 2741 (1900)]. 
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TABLE 1-1 

Numbers op Known Binary Compounds HmQn 


X 

Li 

Be 

B 

C 

N 

0 

F 

0 

2 « 

1 

I*’ 


8 « 

3 / 

2 « 

Cl 

l'^ 

1 * 

2 f 

37* 

2 ^ 

6 

2 " 

F 

1 ® 

1 J' 

1 ^ 

40'* 

3 - 

2 « 

1 * 

H 

1 

0 

6 * 

>2000 

5^ 

2v 

1 * 


* Li 20 and Li 20 a. 

*BoO. 

® BaOa. 

^ CO, CO 2 , carbon auboxide O—C===C—C>==0, pontacarboii dioxide O—C—C—C====C^— 
0=0 (A. Klemonc and G. Waijner, Ber^ 70, 1880 (1937)], and niellitic anhydride 



O 


*»N 20 . no, N2O2, NaOs, NO2, N2O4, N2O5, and NO3. 

^ O 2 , Os, and O 4 . In regard to the last one of these substances, see G. N. Lewis, J. Am. 
Chem. Soc. 46, 2027 (1924). 

* OF 2 and O 2 F 2 . 

* LiCl. 

< BeCla. 

f BCls and B 2 CI 4 . Evidence for the existence of at least two additional boron chlorides 
has been obtained by II. I. Schlesinger and coworkers (private communication). 

* Too numerous to list. Cf. the formula indexes in B&ilsteins Handbuch der organtachen 
Chemie and in the abstract journals. 

^ NCls and ClNs. 

CI 2 O, CIO, CIO 2 , CIO*, CI 2 O 6 , and (CIO*)*. The last of these substances is possibly 
the dimer CLO*. 

» CIF and CIF*. 

*»LiF. 

P BeF*. 

® BF*. 

•* Too numerous to list. Cf. A. V. Grosse and G. 11. Cady, Ind. Eng. Chem. 39, 367 (1947). 

* NFs, FNs, and N 2 F 2 . For the last two substances, see J. F. Haller, Doctoral Dis¬ 
sertation, Cornell University, 1942, and also S. H. Bauer, J. Am. Chem, Soc, 69, 3104 
(1947). 

‘Fs. 

"LiH. 

* B 2 H 6 , B 4 H 10 , B 5 H 9 , BsHn, BeHio, and B 10 H 14 . 

Too numerous to list. The figure given here is certainly much too small since it was 
obtained from the formula index of BeiUteina Handbuch der organischen Chemie^ which is 
complete only through 1919. 

* NHa, HaN—NH*. HN*, NH 4 +N 8 -, and H 2 N—NHa+N*”. 

^ H 2 O and H 2 O 2 . * 

* Hydrogen fluoride is here considered to be one compound; however, it probably con¬ 
sists, in the gaseous state, of a mixture of HF, (HF) 2 , (HF)*, and so on. Cf. G. Briegleb, 
Z, jihyaik, Chem, BSl, 9 (1941); K. A. Oriani and C. P. Smyth, J, Am, Chem, Soc, 70, 125 
(1948). 




Sec. 1*2 Organic Chemistry S 

third row of the table, the ability of carbon to form fluorides appears to 
be little, if any, greater than its ability to form chlorides* There is, 
however, an important difference which exists between the two types of 
halide, but which is not brought out in the table; although the number 
of known carbon chlorides has increased only slowly during the past 
fifty years, hardly any of the carbon fluorides were known until after 
about 1940.® It can, therefore, be expected that the fluorides will soon 
outnumber the chlorides by a much greater margin than they do now. 
(See also below.) Finally, from the last row of the table, carbon is seen 
to be little short of phenomenal in its ability to form hydrides (i.e., hy¬ 
drocarbons) ; in fact, the truth of this statement becomes especially ap¬ 
parent when it is realized that the figure given in the table may easily 
have been doubled, or more, since 1919. Consequently, even if it is 
admitted that a great many additional carbon fluorides will doubtless 
be prepared within the next few years, the hydrides must for a long time, 
and probably must always, remain by far the most numerous class of 
compounds containing only carbon and some other single element. The 
conclusion may therefore be drawn that carbon does indeed possess an 
extraordinary ability to form a large number of compounds, but that it 
shows this property to the full extent only in combination with hydrogen. 
Which is then the unique element, carbon or hydrogen? 

The above considerations may seem quite arbitrary since there can be no assur¬ 
ance that the relative numbers of now-known binary compounds have any theoretical 
significance. Indeed, these relative numbers could conceivably be so drastically 
altered within, say, the next hundred years that hydrogen would become no more 
important than any one of a dozen or more other elements. Although such a criticism 
may be entirely valid, it is, however, not relevant to the discussion; the question 
here being considered is that of the significance and appropriatem^ss, ai the present 
time, of the distinction between inorganic and organic compounds. There can, in 
fact, be no doubt that now, just as throughout the history of the science, organic 
chemistry assigns to hydrogen a role which rivals, if indeed it does not equal, that 
of carbon itself. Moreover, it may well be questioned whether the distinction that 
is now made between inorganic and organic chemistry might not need to be dras¬ 
tically revised, or even discarded, if at some future time hydrogen should lose its 
present predominant importance. 

Even the ability of carbon atoms to join together into long chains 
seems to be dependent upon the presence of hydrogen atoms (or of 
fluorine atoms, see below). For example, if a parafiin hydrocarbon 
CnH 2 n 4.2 is treated with an excess of chlorine, the completely chlorinated 
product CnCl 2 n +2 Is not obtained if n is greater than 3. Under such 

* For a discussion of the organic fluorine compounds, see the papers which were presented 
at the symposium on fluorine chemistry held at the Chicago meeting of the American 
Chemical Society in September 1946, and which are published in Ind, Eng. Chem. 39 , 
236-434 (1947). Ct also F. Smith, Ann. Eepts. Progress Chem, (Chem. Soo. Lemdon) 44» 
86 (1947). 
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circumstances, either the chlorination is incomplete, so that more or less 
hydrogen remains in the molecule, or else the molecule breaks up into 
(often unsaturated) fragments containing no more than about four car¬ 
bon atoms per molecule. Hexachloroethane, I, and hexachloro-1,3- 
butadiene, II, are, in fact, often the final products of exhaustive chlo¬ 
rination of many higher aliphatic compounds. The completely chlo- 

CCI3—CCI3 Cl2C=CCl—CCl=CCl2 

I II 


rinated compound, decachloro-n-butane C4CI10, has been made, how¬ 
ever, by an indirect method,^ as has also dodeca(;hlorocyclohexane 
C' 6 Cli 2 ; ^ these substances contain the longest chains of completely chlo¬ 
rinated, saturated carbon atoms that have been reported. Among the 
unsaturated, and especially among the aromatic substances, several 
completely chlorinated compounds with relatively large numbers of 
carbon atoms linked to each other are known. Of these may be men¬ 
tioned a dodecachloroheptadiene C 7 Cli 2 of uncertain stmeture,^ and 


Cl Cl Cl Cl Cl Cl 
CFXI Cl Cl olu 


III 


F F 

I 1 

C=C 

I I 

F F 

IV 


the chlorinated terphenyl. III. Still less is known about the analogous 
bromo and iodo derivatives, although tetrabromoethylene C 2 Br 4 is 
known to be formed from butane. On the other hand, a large number of 
higher fluorocarbons have been prepared; these include perfluoro-n- 
hexadecane W-C 16 F 34 and even a completely fluorinated lubricating 
oil.® Moreover, tetrafluoroethylene, IV, can be polymerized to a 
plastic material which undoubtedly contains extremely long chains of 
—CF 2 —CF 2 — groups.^® The fact that such compounds as these last 
ones exist (and, moreover, appear to be no less stable than their hy¬ 
drogen-containing analogs) suggests that long fluorocarbon chains may 
ultimately become as familiar as the long hydrocarbon chains are now. 
Any development of this sort will, however, require a great many years 
for its completion, if indeed it be possible at all. 

Throughout this book, structural formulas are designated, as above, by Homan 
numerals. The numeration starts again with I in each section. 

^ W. T. Miller, J, Am, Chem, Soc, 62, 341 (1940). 

^ T. van der Linden, Rec, trav, chim, 65, 569 (1936). 

• H. J. Prina, Rec, trav, chim, 51, 1066 (1932), 

Cf., for example, M. M* Renfrew and E. E. Lewis, Jnd, Eng, Chem, 38, 870 (1946). 
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S€H% 1 • 3 Forces Acting between Atoms and Molecules 

In diamond and graphite, extremely long chains of carbon atoms exist 
without even one hydrogen (or fluorine) atom, except conceivably at 
the crystal surfaces where some sort of alterations in the regular atomic 
arrangements must necessarily occur. However, carbon is hardly unique 
in this respect, since many of the other solid elements, including boron, 
silicon, and tin, are analogously constituted. 

From the foregoing discussion, the unique properties which character¬ 
ize organic compounds are seen to be due not solely to the carbon atoms, 
but rather to the combination of carbon and hydrogen atoms. (The 
possibly very great, but at present only hypothetical, future importance 
of fluorine is here ignored.) For this reason, organic chemistry might 
profitably be defined as the chemistry of the hydrocarbons and their 
derivatives, since thereby the important role of the hydrogen would re¬ 
ceive recognition. Actually, however, this definition would not neces¬ 
sarily result in a new classification of substances, since any substance 
which contains carbon can be considered to be a derivative of a hydro¬ 
carbon, and so to be an organic compound from either point of view. 
Moreover, the definition would not be completely unambiguous until 
the word ‘^derivative’’ has been very carefully defined. For example, 
water is one of the products of combustion of a hydrocarbon. Is it, or 
is it not, therefore, a derivative of the hydrocarbon, and hence an or¬ 
ganic substance? Consequently, to the extent that any need for a 
definition of organic chemistry exists at all, the conventional one that 
it is the chemistry of the compounds of carbon will be used in this book. 
Due recognition should be given, however, to the fact that the im¬ 
portance of carbon is thereby overemphasized and that of hydrogen is 
underemphasized. 

1*3 Forces Acting between Atoms and Molecules. The prob¬ 
lem of the nature of valence can be considered a part of the more general 
problem of the natures of all the forces, of various types, which act be¬ 
tween atoms and molecules. It should be obvious that some of these 
forces must be attractive and that some must be repulsive. If attractive 
forces did not exist between individual atoms, then the valence bonds 
which hold the atoms close together would be impossible; if they did not 
exist between molecules, then gases could not be condensed to form 
liquids and solids. On the other hand, if repulsive forces did not also 
exist, then atoms and molecules would continue to attract one another 
down to zero interatomic and intermolecular distances, so that the ob¬ 
served relative incompressibility of liquids and solids would be im¬ 
possible. 

At the present time, these attractive and repulsive forces are con¬ 
sidered to be almost entirely electrostatic in nature. The magnetic in- 
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teractions, which exist too, of course, are so much smaller than the 
electrostatic ones that, for the purposes of this discussion, they can be 
completely ignored. It may seem strange, however, that a single ex¬ 
planation can account for forces which appear to differ as markedly as 
do, for example, the strong valence forces, the weak van der Waals at¬ 
tractions, and the more or less strong repulsions between atoms that 
are not bonded to one another. It will be instructive to consider in 
some detail just how these various types of force come into being. 

A more careful examination of the precise significance of the ex¬ 
pression ‘Valence bond^' will be made later. (See Section 1*16.) For 
the present, however, the statement that a valence bond exists between 
any two atoms which are held together by attractive forces strong 
enough to withstand molecular collisions will be sufficient. Although, 
as was pointed out above, all such interatomic forces are presumed to 
be electrostatic, it has been foimd convenient to divide valence bonds 
into two principal classes which, in spite of the resulting confusion in 
terminology, are called electrostatic and covalent These various types 
of bond will be considered in the following sections. 

1*4 The Ionic Bond* The simplest kind of electrostatic bond is 
the ionic bond in, for example, a molecule of gaseous sodium chloride. 
As a first approximation, this molecule can be considered to consist of 
a positive sodium ion plus a negative chloride ion. If the interionic 
distance is r, and if, for simplicity, the effect of the simultaneously 
acting repulsive forces is neglected, the energy of the electrostatic at¬ 
traction between the oppositely charged ions is seen from Coulomb^s law 
to be — 6^/r, where e is the magnitude of the electronic charge. In other 
words, in order to break the bond by dissociating the molecule into its 
constituent ions, it would be necessary to supply an amount of energy 
equal to e^/r. Since this quantity amounts to more than 100 kcal per 
mole, the bond in question is clearly a very strong one, even when al¬ 
lowance is made for the neglected repulsive forces. 

The total electrostatic energy of two isolated sodium chloride mole¬ 
cules, when calculated in the above approximate manner, is found to be 
—2eV^"- However, if the two molecules are allowed to approach so that 
the four ions are arranged at the comers of a square as in Figure 1*1, 
and if the interionic distance is assumed to have the same value r as 
before, the energy is now found to be —eV^ X [4 — (2/\/2)]> or 
-^"2.686 e^/r. The difference of 0.586 e^/r, or of 0.293 per NaCI 
molecule, then measures the amount of energy which would have to be 
supplied to dissociate (NaCl )2 into 2NaCL Since this quantity amounts 
to more than 30 kcal per mole of NaCl, the dimeric (NaCl )2 is seen to be 
very stable. Similarly, four molecules of sodium chloride have an en- 
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ergy of -4e2/r when isolated, but of X (12 - 12/V2 + 4/\/3), 
or of —5.825 when brought together so that the eight ions occupy 
the eight corners of a cube, as in Figure 1*2. The difference is now 
1.825 or 0.456 ^/r per sodium chloride molecule; hence the tetra- 
meric (NaCl )4 is even more stable than the dimeric (NaCl) 2 . This trend 
continues until a complete crystal of the solid is built up. Calculation 
has shown that, with a set of N molecules of sodium chloride, where N 
is some very large number like Avogadro^s number, the total energy 
varies from for the N isolated molecules to —1.747558 

for the crystal. (The number 1.747558 is known as the Madelung con- 
slant for the sodium chloride structure. Each type of crystal has its own 

+ - 
+ 

Figure 1-1. A schematic diagram rep- Figure 1*2. A schematic diagram rep¬ 
resenting the relative positions of the resenting the relative positions of the 
cations (-f) and anions (—J in dimeric cations (-f) and anions ( — ) in tetrameric 
sodium chloride (NaCl) 2 . sodium chloride (NaCl) 4 . 

characteristic Madelung constant.) Consequently, nearly 75 per cent 
as much energy would be required to dissociate a crystal of sodium 
chloride into isolated NaCl molecules (i.e., to vaporize the crystal) as 
would be required to dissociate the resulting molecules further into ions. 
(This figure is, of course, only approximate since the repulsive forces, 
and also the variation in interionic distance, have been neglected.) In 
this way, the high boiling point of the substance, as well as that of any 
other similarly constituted substance, finds a ready explanation. 

1*5 Ionic Double Bonds. Just as the formation of the gaseous 
sodium chloride molecule can be considered dependent upon the trans¬ 
ference of one electron from the sodium atom to the chlorine atom, so 
also that of the gaseous magnesium oxide molecule can be considered 
dependent upon the transference of two electrons from the magnesium 
atom to the oxygen atom. If, then, an ionic single bond is said to exist 
in the sodium chloride molecule, an ionic double bond must similarly be 
said to exist in the magnesium oxide molecule. On the other hand, 
ionic triple bonds appear seldom, if ever, to exist. 

It is of interest that an isolated oxide ion O*" dissociates spontaneously and com¬ 
pletely into the univalent anion 0“ plus an electron. The former ion, with the 
double negative charge, can in fact exist only when it is stabilized by the presence 

^ For a table of Madelung constants for different types of structure, see Table 1 of J. 
Sherman, Chem, Rew, 11, 03 (1032). 
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of one or more neaxby cations, as in molecular (i.e,, gaseous) magnesium oxide or 
in the solid form of this, or other analogous, substance The stabilization of the 
anion by the cation can be explained in either of two completely equivalent w’ays. 
on the one hand, the comparatively small cation can be assumcid to polarize the 
larger anion; and, on the other hand, the ionic bond can be presumed to have more 
or less covalent character. (Cf. Section 1*10.) 

1*6 Ion-Dipole Bonds. A second type of electrostatic bond re¬ 
sults from the interaction, not between two oppositely charged ions, but 
instead between an ion and a dipole. A brief explanation of what is 
meant by a dipole is now necessary. Some molecules, such as those of 
hydrogen chloride, have positive ends and negative ends, whereas others, 
such as those of hydrogen, do not. The former molecules are said to be 
polar and to have dipole moments (or dipoles) ; the latter are said to be 
nonpolar and to have zero dipole moment (or dipole). It should be clear 
that a positive ion is attracted by the negative end of a polar molecule, 
just as by a negative ion; and also that a negative ion is attracted by the 
positive end of a polar molecule, just as by a positive ion. If the at¬ 
traction is so strong that one may profitably speak of a bond at all, the 
bond in question is referred to as an ion-dipole hand. For example, a 
sodium ion in aqueous solution is strongly hydrated; the union between 
the ion and a water molecule may be due to such an ion-dipolc bond oi‘, 
in other words, to the electrostatic attraction between the positive so¬ 
dium ion and the negative (oxygen) end of the water molecule (An 
alternative interpretation will be given later, however, in Section 1 • 12.) 
Possibly, in most instances, the water of crystallization in salts is at¬ 
tached in this way to the positive, and also to the negative, ions. More¬ 
over, the analogous alcohol, ammonia, etc., of crystallization, possessed 
by many salts, may be presumed to be attached in completely similar 
ways. Since ion-dipole interactions are in general weaker than ion-icn 
interactions, bonds of the former type may be expected to be relatively 
weak. This expectation is in agreement with the fact that water of 
crystallization, and the like, can usually be driven out by moderate 
heating. 

1*7 Dipole-Dipole Interactions. A final type of electrostatic in¬ 
teraction is the dipole-dipole interaction, which results from the attrac¬ 
tion between the positive end of one dipole and the negative end of a 
second dipole. Usually, such an attraction is so weak that no bond is 
considered to be formed at all. However, there is one important type 
of dipole-dipole interaction which is strong enough to require attention. 
This is the so-called hydrogen band, or hydrogen bridge, the simplest ex¬ 
ample of which occurs in hydrogen fluoride. In the gas phase, this sub- 


The author is indebted to Professor K. Fajans for calling his attention to this fact 
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stance appears to consist not of simple HF molecules, but of a complex 
mixture of molecules with the formulas HF, (HF) 2 , (HF) 3 , and so on. 
Tn the liquid phase, the situation is probably more complicated, but 
dipole-dipole interactions are doubtless still important. In a single 
molecule of HF, the hydrogen and fluorine atoms are considered to have, 
respectively, rather large net positive and negative charges, (^)nse- 
quently, the dimeric form can be represented by stnicture I, where the 
broken line indicates the electrostatic interaction that holds the two 

H—F—II—F 

I 

parts together. In a similar way, the association of liquid water, alcohol, 
ammonia, etc., is explained as resulting from the presence of hydrogen 
(i.e., dipole-dipole) bonds. These hydrogen bonds will be discussed in 
greater detail later (see Section 2*6) and will be referred to frequently 
throughout the book. 

1*8 Covalent Bonds. The covalent bonds now remain to be con¬ 
sidered. Obviously, the formation and stability of the hydrogen mole¬ 
cule, II 2 , for example, cannot be related to a simple electrostatic attrac¬ 
tion between oppositely charged ions. Since the two hydrogen atoms 
are equivalent, neither one of them can be assumed to give up its elec¬ 
tron entirely to the other, with production of a proton and of a negative 
hydride ion. Nevertheless, the covalent bond 'which actually exists is 
presumed to be due to electrostatic forces. The oppositely charged 
particles among which the attractive forces operate are now the two 
positively charged hydrogen nuclei, on the one hand, and the two neg¬ 
atively charged electrons, on the other. A fundamental difference be¬ 
tween such a covalent bond and the ionic one in gaseous sodium chloride 
is that here the negative particles (i.e., the electrons) are extremely light 
and hence extremely mobile. Consequently, they cannot, even as a 
rough first approximation, be assumed to occupy fixed positions, like the 
{ihloride ions; instead, they must be considered to wander over the whole 
molecule. Nevertheless, one may still speak of their average positions, 
which are of course at definite points with respect to the protons, and of 
their average interactions with each other and with the protons. It 
turns out that these average interactions are not very different from 
those which would obtain if the electrons were held fixed in some such 
orientation as that shown in Figure 1 -3. (However, see below.) From 
analogy, then, with the foregoing discussion of the dimeric sodium 
chloride (NaCl) 2 , it should be evident that the hydrogen molecule H 2 
is more stable than two isolated hydrogen atoms, or, in other words, that 
in the molecule a bond exists between the two atoms. 
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It may be asked why the analogy between the ionic and the covalent 
bonds stops at this point. Thus, as far as the simple electrostatic in¬ 
teractions are concerned, there is no obvious reason why there should not 
exist a molecule H 4 , which is even more stable than 2H2, just as (NaCl)4 
is more stable than 2 (NaCl) 2 . The explanation is that covalence, imlike 
electrovalence, can be saturated. That is to say, although an ion can 
attract as many other ions of opposite sign as can find room to come 
sufficiently close, an atom can form only a definite number of covalent 
bonds. In particular, a hydrogen atom can form at most one covalent 
bond, and an atom of the first short period can form at most four co¬ 
valent bonds. Although this rule is, in the last analysis, merely an 

H-*- e- 


e~ H+ 

Figure 1-3. A schematic diagram rep¬ 
resenting the relative average positions 
of the protons (H"^) and electrons (e~) 
in a normal hydrogen molecule H 2 . 


e~ 

Figure 1*4. A schematic diagram rep¬ 
resenting the relative average positions 
of the protons (H*^) and electrons (e“) 
in a possible ‘^repulsive'* state of a system 
composed of two hydrogen atoms. 


empirical generalization required by the facts of chemistry, a more de¬ 
tailed consideration of the question why two hydrogen molecules actually 
repel each other will be found instructive. 

In the formation of the stable hydrogen molecule, the attraction be¬ 
tween the two atoms may be considered due to the fact that, on the 
average, the two electrons tend to come into the region between the 
nuclei. If, on the other hand, the electrons had tended to remain out¬ 
side that region, in the manner represented schematically by Figure 1 * 4 , 
the electrostatic interactions would have led to a strong repulsion, and 
not to the formation of a bond. Now, when two hydrogen molecules 
H2 and H2* come close together, the two pairs of electrons, which form 
the covalent bonds in the isolated molecules, tend to occupy the regions 
between two atoms H and between two atoms H*, but to stay out of the 
regions between any one atom H and any one atom H*. (The asterisk 
is used here to distinguish the two pairs of hydrogen atoms from one 
another.) Consequently, the two atoms H attract each other, as do 
also the two atoms H*, but the molecules H2 and H2* as a whole repel 
each other. The four electrons in the system composed of four hydrogen 
atoms therefore behave in an entirely different way from the four chlo¬ 
ride ions in a system composed of four NaCl molecules; for, in the latter 
system, an overall attraction predominates. In other words, the co- 
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valence of the hydrogen atoms is saturated. This difference in behavior 
finds an ‘‘explanation” in quantum mechanics but cannot be discussed 
further here. In similar ways, the saturation of the valences of the 
heavier atoms finds its interpretation in the electrostatic interactions of 
the charged particles. 

The representations in Figures 1-3 and 1-4 of the average charge 
distributions are, of course, extremely crude. In at least one respect, in 
fact, they can give rise to a false impression. Thus, Figure 1-3 suggests 



Figure 1 • 5. The average distribution of electronic charge in the normal hydrogen 

molecule 

(incorrectly) that, in the normal hydrogen molecule, there are two dis¬ 
tinct regions in which the electrons are especially likely to be. The di¬ 
agram is intended, however, to indicate rather that, although the two 
electrons tend on the average to be in the region between the nuclei, they 
nevertheless tend at any given instant to be as far from one another as 
possible, on account of the electrostatic repulsion of their like charges. 
A more satisfactory representation of the true average charge distribu¬ 
tion, but one which does not suggest the instantaneous separation of the 
electrons, is given in Figure 1-5. In this figure the closeness of the dots 
in each small region represents the average density of electronic charge 
in that region; in other words, it represents the probability that, if the 
necessary experiment were performed, an electron would be found in 
that region. The relative closeness of the dots in the space between the 
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Figure 1-6. The average distribution of electronic chai’gc in the ‘‘repulsive’^ state 
of a system composed of two hydrogen atoms. 



Figure The average distribution of electronic charge in a system composed of 
two hydrogen molecules H2 and H2‘^. 
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two nuclei corresponds therefore to the concentration of the valence 
electrons along the bond axis. (Cf. also Section 10-5.) Similarly, Fig¬ 
ure 1-6 shows the average charge distribution in the “repulsive^' state 
represented originally by Figure 1 -4; Figure 1*7 shows that in a system 
composed of two rather close hydrogen molecules. (See the preceding 
paragraph.) 

1*9 Double and Triple Covalent Bonds. Many atoms which are 
heavier than that of hydrogen are able to form double and triple bonds 
with other atoms by the sharing, respectively, of four and six electrons. 
Unambiguous multiple bonds involving elements other than carbon, 
nitrogen, and oxygen are, however, relatively rare. (Cf. pages 359 f., 
422, and 425.) In ethylene, for example, either of the two equivalent 
structures, I and II, implies that two electrons are especially likely to be 
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found in each of the regions between a hydrogen atom and its adjacent 
carbon atom, and that altogether four electrons are especially likely to 
be found in the region between the two carbon atoms. Similarly, in 
acetylene, either of the two corresponding structures III and IV implies 
that here six ele(itrons, on the average, tend to come into the region be¬ 
tween the two carbon atoms. Quadruple, and still higher, covalent bonds 

H—C=C—II 

III IV 

are unknown, presumably on account of the tremendous steric strains 
which would be required. (Cf. Chapter 9.) 

1 • 10 Bonds of Mixed Type. When even a covalent bond is formed 
between two dissimilar atoms, one atom usually carries a net positive 
charge, whereas the other carries a net negative charge. This fact shows 
that the two electrons which produce the bond by being concentrated 
in the region between the two nuclei, and which are said to be shared by 
the atoms, are more likely to be near to one nucleus than to the other. 
In hydrogen chloride, for example, the average positions of the shared 
electrons are nearer to the chlorine atom than they are to the hydrogen 
atom; conseciuently the former atom is negatively charged and the 
latter is positively charged. The situation is conveniently described by 
the statement that the sharing is unequal. Clearly, it is possible to im¬ 
agine a sequence of bonds in which the degree of sharing varies by sue- 
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cessive small differences all the way from the one extreme represented 
by, say, the hydrogen molecule to the opposite extreme represented by, 
say, the sodium chloride molecule. It follows, therefore, that there is no 
sharp dividing line between covalent and ionic bonds. Any bond be¬ 
tween dissimilar atoms may be considered to have at least some ionic 
character since the sharing cannot be quite equal; and even the bond in 
sodium chloride must have some covalent character since the electrons 
on the chloride ion must have a somewhat greater probability of being 
in the region between the two nuclei than elsewhere, and hence must be 
shared to some extent. Nevertheless, it is convenient to speak of ionic 
and covalent bonds as two distinct types, although it must be realized 
that these are merely the two extremes of a steady progression. For¬ 
tunately, since most bonds appear to be fairly near one extreme or the 
other, little trouble is caused by this inexact terminology. In other 
words, any given bond is almost certain to be either essentially ionic or 
essentially covalent, and the word ^^essentially^^ can usually be omitted 
without danger of confusion. (For further discussion of the theoretical 
principles involved in the assumption that bonds may be of mixed t 3 q)es, 
see Chapter 10.) 

1»11 The Semipolar Double Bond. There exists still a further 
type of bond, which may be said to be intermediate, in a somewhat dif¬ 
ferent sense, between the ionic and the covalent extremes. An example 
is provided by the nitrogen-oxygen bond in trimethylamine oxide. For 
this substance, the electronic structure I can be written. The “classi¬ 
cal’^ structure II, in which the nitrogen atom forms five covalent bonds 

CHs CH3 

CHstNiO: CH3:N::0: 

CH3 CH3 

I II 

and is surrounded by ten electrons in its valence shell, is probably im¬ 
possible since, as was pointed out in Section 1*8, there is reason to be¬ 
lieve that, in consequence of the phenomenon of saturation, a nitrogen 
atom can form no more than four covalent bonds. Since in structure 
I two electrons are considered to be shared by the nitrogen and oxygen 
atoms, there appears to be an ordinary single covalent bond between 
,these atoms. However, the nitrogen atom, since it forms altogether 
four such bonds, is in essentially the same state as is the one in the am« 
monium ion; and the oxygen atom, since it forms only one such bond, 
is in essentially the same state as is the one in the hydroxide ion. Now, 
altihou^ the ionic charges of the ammonium and hydroxide ions do not 
reside entirely upon the nitrogen and o3^en atoms, respectively, the 
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structures can nevertheless conveniently be written as if the charges did 
reside upon the atoms stated. Thus, the structures for the ammonium 
and hydroxide ions and, correspondingly, for the trimethylamine oxide 
molecule become III, IV, and V, respectively. (For simplicity, the bonds 
are represented here in the ‘'old-fashioned'^ manner as straight lines, 

H 

H—A+—H 

I 

H -0—H 

in IV 

and not as pairs of dots; and the unshared pairs of electrons are not 
explicitly indicated.) 

As has already been noted, the plus and minus signs in structures III, 
IV, and V do not correspond exactly to unit positive and negative 
charges, respectively, upon the atoms concerned. In order that atten¬ 
tion may be called to this fact, these signs are said to represent formal 
charges. For example, the nitrogen atom in the ammonium ion or in the 
amine oxide molecule has a formal charge of plus one, and the oxygen 
atom in the hydroxide ion or in the amine oxide molecule has a formal 
charge of minus one. It may be noted that, if all electrons taking part 
in covalent bonds were shared equally (i.e., if no covalent bond ever had 
any ionic character), then the formal charges would be equal to the true 
charges, expressed in electronic units. However, since the sharing be¬ 
tween nonequivalent atoms is probably never equal, the formal charges 
are at best rather rough approximations to the true charges. 

A second, equivalent way in which the idea of formal charges can be 
approached brings out more clearly the significance of the inequality of 
sliaring. In an electronic structure, the symbol for an element (such as 
H, C, O, N) does not represent the en tire atom but instead only the so- 
called atomic kernel. That is, it represents the nucleus together with all 
the inner electrons, if any, which do not belong to the valence shell. The 
charge on the kernel is always positive and equal, in electronic units, to 
the number of valence electrons, since the complete atom composed of 
kernel plus valence electrons must be electrically neutral. In most, if 
not in all, of the examples which will be considered in this book, the 
kernel charge is equal to the number of the group to which the atom be¬ 
longs in the pericxiic table. (In order for this statement to be suffi¬ 
ciently general, hydrogen must be considered to belong to the first 
group.) Thus, the kernel charges of hydrogen, carbon, nitrogen, oxygen, 
and chlorine are 1, 4, 6, 6, and 7, respectively. Now, in a molecule, all 
the positive kernels are surrounded by electrons, wMch tend to cancel 
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their charges. These electrons belong to two main classes: first, those 
which are not shared by two atoms and so may be said to be ^^owned 
outright’’ by some single atom; and second, those which are shared by 
two atoms and so may be said to belong partly to each. If the sharing 
of electrons were always equal, each of these shared electrons would, on 
tlu^ average, belong half to one atom and half to the second, (\jnse- 
quently, if a given atom has a kernel charge of Z (in electronic units), if 
it owns p electrons outright, and if it shares s electrons with other atoms, 
then its net charge F would be equal to Z — p — s/2 if the sharing were 
equal. The quantity F is then the formal charge. It is easily seen that 
this more precise definition leads to the same values of the formal charges 
as does the more qualitative treatment given originally. Obviously, the 
algebraic sum of the formal charges in any structure must be equal to the 
total charge on the corresponding molecule or ion. 

With this mu(;h in the way of explanation, the nitrogen-oxygen bond 
in trimethylamine oxide may again be discussed. To the extent that the 
formal charges on the nitrogen and oxygen atoms can be considered real, 
this bond is a double one, composed of a single ionic bond plus a single 
covalent bond. Such a bond has by various authors been^cialled a 
'polar double bond^ a coordinate covalence, and a dative bond. Throughout 
this book, however, its method of representation, given above, will 
ordinarily be found to provide a sufficient description of it; hence only 
occasionally need it be referred to by a special niime. 

The essential distinction between a semipolar double bond and an 
ordinary covalent single bond is frequently said to be that the former 
type of bond results when one atom contributes both of the binding elec¬ 
trons, whereas the latter type results when each of two atoms contributes 
one electron. Thus, the molecule of trimethylamine oxide can be con¬ 
sidered formed from one of trimethylamine plus an atom of oxygen 
(equation 1-1), whereas the hydrogen molecule can be considered formed 

CH3 CH3 

I .. I •. 

CH3—N: + O: CH3—N+rO:- (1-1) 

1 „ I .. 

CH3 CPI3 

from two hydrogen atoms (equation 1-2). It should be noted, however, 
that there is no necessity to consider these molecules formed in the way 

H- + -H H:H (1*2) 

stated. It is, in fact, easily possible to imagine the formation of tri¬ 
methylamine oxide in a different way (equation 1-3), and also that of 
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hydrogen (equation 1-4). On the basis of equations 1-1 and 1-2, the 

11++ :H*~ H:H (I. 4 ) 

definition under discussion requires that the nitrogen-oxygen bond in 
trimethylamine oxide be a semipolar double bond, and that the hy¬ 
drogen-hydrogen bond be an ordinary covalent single bond; however, 
on the basis of equations 1-3 and 1-4, the definition leads to the op¬ 
posite conclusions. In any event, no great significance can be attached 
to a definition which classifies bonds by their method of formation, be¬ 
cause the nature of a bond is independent of its past history. For ex¬ 
ample, molecular hydrogen is the same substance whether it has been 
made by reaction 1*2 or by reaction 1 • 4. 

A further difficulty inherent in the alternative definition of the semi¬ 
polar double bond can be illustrated by the ammonium ion. From equa¬ 
tion 1 *5, it follows that, if this definition is adopted, one of the nitrogen- 

H H 


I 4. L 

II—N: + H+ II—N+—H (1-5) 

I I 

* H II 

hydrogen bonds in the resulting ion must be called a semipolar double 
bond, whereas the other three bonds may be called covalent single bonds 
just as in the original ammonia. Actually, however, no bond here is a 
semipolar double one, since there is no formal negative charge upon any 
atom; and actually, all four bonds are completely equivalent. For these 
several reasons, no use will be made hereafter of this second definition 
of the semipolar double bond. 

As has just been pointed out, the source of the electrons involved in a 
bond is of no significance in the discxission of the nature of that bond, 
once it has been formed. The conclusion cannot be drawn, however, that 
the source of the electrons is of no significance in any discussion. In 
fact, it is easily seen that the nature of any chemical reaction by which a 
new bond is produced depends upon the number of electrons contributed 
by each reagent, since the function of each reagent must be determined 
by the number of electrons which it contributes. Consequently, the 
source of the electrons taking part in a given bond provides an important 
method of describing the reactions by which the bond might have been 



20 Some Fundamental Concepts Sec* 1*12 

formed and of classifying the respective reagents involved, but not of 
defining the nature of the bond itself. 

In especially the British chemical literature, a scmipolar double bond between 
atoms A and B is frequently represented by the symbol A—>B, rather than by the 
symbol A"*“—B“". Thus, the structure of trimethylamine oxide may be writUm as VI 
instead of as V. The arrow here implies that both of th(i shared elec^trons are con¬ 
tributed by the nitrogen at om. (See above.) Although these t wo methods of repre- 

CTI3 

oils—N- >0 

ilia 

sentation are completely equivalent, the one employing the formal charges seems 
to be both more illuminating and more (tonvenient; it will be us(;d exclusively through¬ 
out this book. 


1 • 12 Further Discussion of Solvated Cations and of Some Re¬ 
lated Questions. It was mentioned in Se(*.tion 1-0 that the hydration 
of a cation like the sodium ion might be due to an ion-dipole bond b(^- 
tween the positive sodium ion and the negative end of the water dipole. 
An alternative explanation, however, is the following. A sodium ion 
with one, two, three, and so on molecules of water of hydration could 
be represented, respectively, by structures I, IT, III, and so on. In 
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Na—0^ ^O—Na“"—0^ 
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H H H 
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these structures, the sodium atom is joined to each oxygen atom by a 
covalent single bond, and formal charges appear on the oxygen and 
(usually) on the sodium atoms. Of the various sodium-oxygen bonds, 
therefore, the one in the monohydrate is analogous to the nitrogen- 
hydrogen bond in the ammonium ion, and those in the higher hydrates 
are analogous to the semipolar double bond in the amine oxide. 

The truth probably lies somewhere between these two extremes. That 
is to say, the actual distribution of charge in a solvated ion is probably 
intermediate between that corresponding to an ion-dipole bond and that 
corresponding to the type of bond shown in structures I, II, and III. 
(Cf. Chapter 10.) The presence of the formal negative charges on the 
sodium atoms, in fact, makes it seem very unlikely that the above struc- 
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tures could, by themselves, be accurate descriptions of the structures of 
the ions. 

The so-called Werner complexes, although perhaps not strictly de- 
scribable as solvated cations, nevertheless belong in this present dis¬ 
cussion. The hexamminocobaltic ion, for example, doubtless owes its 
stability to a charge distribution intermediate between the ones repre¬ 
sented by structure IV with only ion-dipole interactions and structure 
V with both covalent and ionic bonds. The bonds in such complexes, 
NII 3 N+Ha 
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NH3 


+++ 
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NH3 


H 3 N+ 
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however, are rather stronger than are those in, say, the hydrated sodium 
ion. At any rate, they are strong enough to permit the isolation of stable 
stereoisomers, like the two diclilorotetramminocobaltic chlorides, which 
contain the cations represented by the conventionalized projection di¬ 
agrams VI and VII. Since this difference in strength proves to be a 
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rather important one for the subsequent discussion, the arbitrary con¬ 
vention will be adopted hereafter of using the term ‘4on-dipole inter¬ 
action^^ to describe situations like that in the hydrated sodium ion, in 
which the “bonds^^ (whatever their exact nature may be) are too weak 
to permit the isolation of stereoisomers; and of adopting the term ^‘co¬ 
ordinate bond^' for situations like those in the Werner complexes, in 
which the “bonds'^ (again, whatever their exact nature may be) are 
strong enough to permit stereoisomerism. 

On this basis, the distinction between an ion-dipole interaction and a 
coordinate bond is a rather indefinite one. The relation between two 
atoms in a given molecule or ion could conceivably pass from the former 
classification to the latter when additional experimental information is 
obtained. Such a complication, however, is not likely to cause serious 
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trouble; in any event, some ambiguity is unavoidable since there actually 
exists no sharp dividing line between true bonds and the weaker inter¬ 
actions which must be described in other terms. 

1*13 Intermolecular Forces. According to the preliminary defi¬ 
nition stated above on page 8, a bond may be said to exist between two 
given atoms only if the attraction between the atoms is strong enough 
to withstand molecular collisions. Attractions which are too weak to be 
thus described as bonds are, however, well known. These additional 
forces, which also are considered to be of electrostatic origin, are the ones 
that act between different molecules, and that are responsible for the 
deviations of real gases from the perfect gas law and for the condensa¬ 
tion of gases to liquids and solids. Similar forces, which act between the 
more distant parts of even a single molecule, also exist, of course, but 
need not be separately discussed. 

The dipole-dipole interactions, as has already been mentioned, are of 
this weaker class, since they never lead to the formation of bonds, except 
in the particular case of the hydrogen bond. They do, however, produce 
between polar molecules appreciable net attractions which arc reflected 
in the relatively high boiling points of such substances. For example, 
the highly polar acetone boils at an appreciably higher temperature than 
does any nonpolar hydrocarbon of comparable molecular weight. 

Some justification is requirc^d for the above conclusion that the dipole- 
dipole interactions result in net attraction, since, from the simplest point 
of view, the attractive and repulsive forces might be expected exactly 
to cancel each other.^^ In fact, the direction of the force acting between 
tw^'o dipoles is determined by the relative orientation of the dipoles; 
moreover, there are as many orientations leading to repulsion as there 
are leading to attraction. This same difficulty arises also with the in¬ 
teraction between an ion and a polar molecule, since the ion could be 
imagined to approach either the like charged or the oppositely charged 
end of the molecule. With such a simple system, however, the solution 
of the problem is too obvious to require comment. In any event, it will 
be noted that the following discussion could be applied without essential 
change to an ion-dipole, as well as to a dipole-dipole, interaction. As 
an example of a dipole-dipole interaction, a system composed of two 
molecules of hydrogen chloride can be considered. If these molecules are 
arranged as in diagram I, they obviously attract each other, but, if they 
are arranged as in diagram II, they obviously repel each other. Each 
mutual orientation which leads to a force of attraction is thus balanced 


H—Cl II—Cl 

I 

^*F. London, Trans, Faraday Soc. 33 , 8 (1937). 


H—Cl Cl—H 
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by a second mutual orientation which appears to lead to an equal force 
of repulsion. There exist, however, two further factors which have not 
been considered heretofore and which ensure that the attraction pre¬ 
dominates. These may be called the probability (or orientation) factor 
and the potarizationi factor. 

The first of these factors results from the fact that, although there are 
as many repulsive as attractive relative orientations, two given mole¬ 
cules are more likely to be in an attractive orientation with respect to 
each other than in a repulsive one. The reason for this difference is that 
ttic energy of the former orientation is lower than is that of the latter, 
and that, moreover, any system has a tendency to spend as much time 
as possible in its low-encrgy (i.e., its most stable) states. Consequently, 
in a system composed of a large number of molecules, the attraction 
must at any given time outweigh the repulsion. 

The polarization factor arises in a different way. When two polar 
molecules are so close that any appreciable force of either attraction or 
repulsion exists between them at all, each molecule must to some extent 
polarize (or, in other words, alter the distribution of charge in) the otlujr 
one. For example, the schematic diagrams ITI and IV may be written 



m IV 

to n^present two polar molecules in, respectively, an attractive and a re¬ 
pulsive orientation. Now, in the orientation III, the molecule at the 
left is nearer to the positive than to the negative end of the molecule at 
the right. Consequently, in the left-hand molecule, the average posi¬ 
tions of the positively charged nuclei will be displaced farther to the left, 
and those of the negatively charged electrons will be displaced failher 
to the right, by the electrostatic field due to the right-hand molecule. 
In other words, the separation of the positive and negative charge in the 
molecule, and hence the magnitude of the dipole moment, is increased 
by the presence of the second molecule. In a similar way, the right-hand 
molecule also is polarized so that its dipole moment is increased. The 
electrostatic attraction between the two molecules, for a given relative 
orientation and distance, is proportional to the product of the mag¬ 
nitudes of the two dipoles; hence it is increased by the polarization. In 
the repulsive orientation IV, on the other hand, similar reasoning shows 
that the polarization decreases the moment of each molecule and hence 
also the force of repulsion. It follows therefore that, even if the prob¬ 
ability factor did not exist, and even though the numbers of attractive 
and repulsive orientations are equal, the attraction must still pre- 
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dominate since, in consequence of polarization, the attractive orienta¬ 
tions, on the average, are more attractive than the repulsive orienta¬ 
tions are repulsive. 

Attractive forces exist even with nonpolar molecules. The simplest 
example is the interaction bctAveen one polar and one nonpolar mole¬ 
cule, or between one ion and one nonpolar molecule. Here, although 
the orientation (i.e., the probability) factor is not important, the polar¬ 
ization factor still operates since the nonpolar molecule can be polarized 
by the polar one (or by the ion). Consequently, there should be ap¬ 
preciable attraction. The principles involved here may be illustrated 
by the familiar experiment in which an electrically charged object is 
found to attract an uncharged pith ball, small piece of paper, or other 
light object. When neither molecule is polar, the discussion becomes 
somewhat more difficult, but it still proceeds along essentially the same 
lines. Neither the orientation nor the polarization factor can exist, at 
any rate in exactly the same form as before; nevertheless attraction must 
still be assumed present in order that the condensation of even the non¬ 
polar paraffin hydrocarbons, for example, may be explained. A part of 
the explanation of this remaining attraction is provided by the fact that 
molecules which carry no ionic charges, and which have no dipole mo¬ 
ments, may still give rise to small, but appreciable, electrostatic fields 
in their neighborhood. This fact is expressed mathematically by the 
statement that such molecules may have quadrupole, octupole, or still 
higher electric moments; although the precise significance of these terms 
need not be considered here, a rough idea of their nature can be obtained 
in the following way. A molecule of carbon dioxide, V, for example, is 
nonpolar, as should be evident from the fact that, since the oxygen atoms 

0=C=0 

v 

are equivalent to each other, one cannot be the positive, and the other 
the negative, end of the linear molecule. Nevertheless, the two oxygen 
atoms carry fairly large net negative charges (which are balanced by a 
positive charge on the carbon atom); consequently, a second molecule 
that is extremely close to one of the oxygen atoms is in an electrostatic 
field of appreciable magnitude, since the relative effects of the more 
distant carbon and oxygen atoms are then small. Such electrostatic 
fields may also, of course, lead to net attraction in much the same way 
as do those due to dipole moments. The same orientation and polariza¬ 
tion factors as before (with suitable modifications) must again be taken 
into account in order that the predominance of attraction over repulsion 
may be explained. It is of interest here, that, if a molecule is highly sym- 
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metrical (i.e., if it is more or less spherical), the electrostatic field about 
it is particularly small and, moreover, decreases particularly fast as the 
distance from the molecule increases. It therefore follows that the 
forces acting between such symmetrical molecules must be smaller than 
are those between less symmetrical, but otherwise comparable, mole¬ 
cules. The reason for this conclusion is twofold. In the first place, the 
forces in question must, of course, decrease as the fields, to which they 
are due, decrease. In the second place,the forces act only over very 
short distances; hence, they are most effective between those parts of the 
different molecules which are actually in contact with each other. 
Clearly, therefore, the forces between nonpolar molecules are more ac¬ 
curately described as properties of the respective surfaces than as prop¬ 
erties of the entire molecules; consequently, the forces must increase 
(other factors being equal) with the areas of the molecular surfaces. 
Since, in general, highly symmetrical molecules have smaller surface 
areas than do less S3mimetrical ones, the former molecules should, as was 
stated above, attract one another less strongly than do the latter. These 
considerations doubtless provide at least a part of the explanation of the 
fact that, for example, the highly symmetrical neopentane, VI, boils at 
a so much lower temperature than does the isomeric and still nonpolar, 
but much less symmetrical, n-pentane, VII. The boiling points are, 
respectively, 9.5°C and 37°(l Numerous further examples of this 

CH3 

I 

CH3—C—CH3 

CH3 CH3—CII2—CH2—CH2—CH3 

VI VII 

striking effect of symraetiy upon boiling point are well known through¬ 
out organic chemistry. 

1 • 14 van dcr Waals Forces. The factor that is probably the most 
important one leading to attraction betw^een electrically neutral and not 
too highly polar molecules still remains to be considered. That such a 
factor (or factors) must exist can be seen in several ways. For example, 
the difference in boiling point between even neo- and w-pentane, striking 
as it is, is very small compared with the difference between the boiling 
point of either of these compounds and the absolute zero. In other 
words, the question why these substances can be condensed at all has 
been little more than touched. Moreover, the rare gases, like helium 
and neon, are considered to be surrounded by no electrostatic field at all 

J. H. Hildebrand and T. S. Gilman, J, Chem, Phys, 15, 229 (1947); J. H. Hildebrand, 
Proc, Nail, Acad. ScC. U. S. 33, 201 (1947). 
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(however, see below); nevertheless, attractive forces must exist since 
these substances too can be both liquefied and solidified. 

These remaining forces, which are known as van der Waals forcesj are 
due to electrostatic interactions, just as are all the ones considered pre¬ 
viously. The principles involved can be illustrated by a consideration 
of the situation with helium. The statement that an atom of helium is 
surrounded by no electrostatic field means that the average force acting 
upon a charged point-particle which is in its neighborhood, but which 
is assumed not to affect its distribution of charge, is zero, even if the 
average in question is taken over an extremely short period of time, say, 
10“^^^ sec. However, at any single instant, the force might not be zero. 
Indeed, the atom must a(^tually possess a dipole moment at all instants, 
except at those very rare ones when the niKtleus is exactly halfway be¬ 
tween the two electrons, as in structure I. It is only because the elec¬ 
trons move so rapidly that the existence of the resulting instantaneous 

I 

field cannot by ordinary means be detected; before any experiment for 
the measurement of the field could be carried out, the direction of the 
field would have reversed many times, so that the experiment would 
necessarily give only the average field, namely, zero. Nevertheless, the 
very fact that electrons can move so fast means that the motions of the 
electrons in one molecule can be appreciably influenced by the instan¬ 
taneous fields produced by the electrons in a second molecule. Con¬ 
sequently, the same polarization factor that leads to attraction between 
ordinary dipolar molecules can operate here too in essentially the same 
way, and so again can lead to attraction. (The probability factor also 
may play a role, but, on account of the special conditions operating, the 
distinction between it and the polarization factor loses most of its 
significance; consequently, it need not be discussed further.) The van 
der Waals forces, like the forces due to the electrostatic fields about non¬ 
polar and highly symmetrical molecules (cf. page 25), are effective over 
only extremely short distances. Consequently, these forces also should 
be the smaller, the more symmetrical are the molecules between which 
they act. 

The van der Waals forces are therefore due to modifications in the 
motions of the electrons in each molecule; these modifications are caused 
by a very rapidly varying electric field, which is itself caused by the 
rapidly moving charged particles in all the nearby molecules. A dif¬ 
ferent way in which an atom or molecule may be subjected to a rapidly 
varying electric field is by illuminating it with infrared, visible, or ultra' 
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violet light, since light of any type is characterized by an electric field 
that varies with the frequency of the light. (Cf. Section 5-3.) Under 
these latter conditions, the interaction between the field and the sub¬ 
stance is made evident by the phenomenon of refra(;tion, or dispersion. 
It might be expected, tlierefore, that a relation should exist between the 
van der Waals torches and the molectular refrac^tion. The attempt to go 
further into this relation would lie outside the scope of this book; it may, 
however, be remarked that, in geiw^ral, two substances with the same 
mole(;ular refraction may be expected to have similar van der Waals 
forces and S(j, in the absence of ionic charges or strong dipoles, similar 
bcnling points. For a reason which should now be obvious, the van der 
Waals forces are sometimes referred to as dispersion for(!es. Moreover, 
since the mathematical theory Avas first worked out by London,^^*^^ they 
are also sometimes knovv’n as London forces. 

1-15 Repulsive Forces. So far, there have been encountered sev¬ 
eral kinds of situations in which repulsion predominates over attraction 
at all internuclear distances. I'here remains to be considered, however, 
the fact that, when a bond is formed, the attrac^tion predominates only at 
relatively great distanc^es, whereas repulsion predominates at shorter 
distances. For (example, in the liydrogen molecule, eciuilibriurn is 
reached Avhen the distance between the protons is 0.74 A (0.74 angstrom 
unit, or 0.74 X lO”"® cin). If the protons are at a greater distance, an 
attraction tends to pull them closer; if they are at a shorter distance, a 
repulsion tends to push them farther apart. ]\Ioreover, this same effect 
is observed with all other covalent bonds, as well as with ionic bonds like 
the one in sodium chloride, and with the weaker intermolecular attrac¬ 
tions of the dipole-dipole or van der Waals type. It will be instnictive 
to consider how this additional type of repulsion comes into being. 

The repulsive forces now under discussion, like the attractive on(»s considered in 
the preceding section, an^ fre(iuently classified as van der Waals forces. When this 
terminology is used, t.vvo distiru^t classes of van der Waals forces must th('n, of course, 
be recognized. The attractive van der Waals forces (i.e., the* dispersion or London 
forcres) are related to the constant a of the familiar van dei' Waals e(iuation for an 
imp(?rfect gas (eejuation 1*6); the repulsive van der Waals forces, on the other hand, 

+ = ( 1 * 6 ) 

are related to the constant h of this same equation. 

As was pointed out in Section I -8, the average distribution of charge 
in the hydrogen molecule can be described very roughly by Figure 1-3, 
in which H"*" and e~ represent the average relative positions of the pro- 


“ F. London, Z. Physik 63, 245 (1930). 
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tons and electrons, respectively. (Cf. also Figure 1 '5.) For simplicity, 
the assumption may be made that the total eh^ctrostatic energy of the 
molecule is the same that it would have been if the particles were sta- 
tionaiy and situated at the corners of a square, as shown. Then, just 
as in the dimeric sodium chloride, the energy is found to be —2.586 
where r is the side of the square. On this basis, there can be no equilib¬ 
rium distance, because the energy continues to decrease (i.c., the mole¬ 
cule continues to become more stable) as r decreases; in fact, the energy 
approaches minus infinity as r approaches zero. Consequently, if no 
further factors intervened, the molecule would collapse into a single 
point. The reason why this catastrophe does not occur is that, as the 
two protons come closer and closer together, the two electrons tend to 
be squeezed out of the region between the protons. Consequently, for a 
very small interprotonic distance, the average distribution of charge 
would be more nearly that represented by Figure 1*4 or 1-6; hence a 
very strong repulsion results. 

The S(iueezing out of the electrons is not (considered to be the result of 
the fact that they have a certain definite size and so must occupy a cer¬ 
tain definite amount of space. Actually, nothing is kno\vn about the 
exact size of an electron. In fact, it is not even known whether an elec¬ 
tron has a size at all, in the usual meaning of the word. The significant 
point is rather that, according to quantum mechanics, an electron which 
is contained in a small volume must possess a large amount of kinetic 
energy. The smaller the volume, the greater must be this kinetic energy. 
Consequently, if the electrons are held in the region between the two 
nuclei, then, as the nuclei come closer together, and as the volume of this 
region decreases, the total energy of the system finally begins to increase 
because of the extremely rapid increase in the kinetic energies of the 
electrons. When this situation is realized, the energy of the system as 
a whole can be made lower if the electrons are allowed to wander over a 
larger volume, since then the resulting increase in electrostatic energy 
is more than counterbalanced by the decrease in kinetic energy. How¬ 
ever, repulsion still exists in consequence of the electrostatic interac¬ 
tions; hence there is a most stable intemuclear distance, where the 
electrostatic and kinetic-energy factors are just balanced. 

1*16 A More Critical Discussion of the Valence Bond. So far, 
the discussion of interatomic and intermolecular forces has been con¬ 
cerned primarily with their nature and origin, and no need has yet arisen 
for a precise definition of a valence bond. Now, however, a more care¬ 
ful examination of the underlying concepts is both possible and de¬ 
sirable. This section is devoted to such an examination. 

There are several obvious requirements which any definition must 
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impose upon a valence bond. In the first place, the valence forces at 
moderate distances must be attractive, and not repulsive; in the second 
place, the resulting bond must be strong enough to withstand molecular 
collisions. This second requirement implies that an interaction between 
two given atoms may be describable as a valence bond at certain tem¬ 
peratures, but not at certain higher temperatures. For example, a 
valence bond may exist between two hydrogen atoms at room temper¬ 
ature, but not at temperatures (say, 5000°C) where elementary hy¬ 
drogen is almost completely dissociated into atoms. Moreover, there 
must exist an intermediate temperature range in w^hich no clear-cut de¬ 
cision can be made between the existence and nonexistence of a valence 
bond. Fortunately, however, this last complication causes little dif¬ 
ficulty, because, in most of the examples of interest to this book, there 
is no such uncertainty. 

A further property of a valence bond, which must be recognized in its 
definition, is that it acts between just two atoms, and neither between 
one atom and a whole group of other atoms nor between two whole 
groups of atoms. For example, in tetramethylammonium chloride, the 
positive charge of the cation resides in the entire tetramethylammonium 
group; hence there is no one atom which can be considered joined to the 
chlorine atom by an ionic bond. Similarly, in tetramethylammonium 
nitrate, neither ion contains a unique atom which can be considered to 
take part in an ionic bond. To be sure, if formal charges represented 
actual charges, ionic nitrogen-chlorine and nitrogen-oxygen bonds might 
be said to exist in the chloride and nitrate, respectively. However, 
formal charges do not represent actual charges, and so such a procedure 
could at best be only a rough first approximation. Moreover, in the 
nitrate there would still be ambiguity as to which one of the three equiv¬ 
alent oxygen atoms was the one bonded to the nitrogen atom of the 
cation. For these reasons, it seems advisable not to use the concept of 
the ionic bond in describing the above ammonium salts, but instead to 
speak only of a general force of electrostatic attraction. 

Even with sodium chloride, in which both the cation and the anion 
consist of single atoms, the nature of the linkage is not easy to define. 
Although no difficulties arise if there is assumed to be an ionic valence 
bond between the sodiiun and chloride ions in the monomeric NaCl, 
complications appear as soon as the dimeric (NaCl )2 of page 8 is con¬ 
sidered. If valence and charge are correlated in the customary way, 
then the sodium ion with its single positive charge has here a valence of 
plus one; yet it interacts strongly with two chloride ions. If each at¬ 
traction is called a valence bond, then the univalent sodium ion must be 
said to form two bonds. The situation is still worse in a macroscopic 
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crystal of sodium chloride, where the still univalent sodium ion must be 
said to form six bonds with the nearest chloride ions, and in addition a 
large number of weaker bonds with more distant chloride ions. 

The dilemma indicated could be resolved, of course, if the valence of 
sodium were considered to be one in NaCl, two in (NaCl) 2 , and six in the 
crystalline solid (the weaker interactions with the more distant chloride 
ions in the solid being ignored). However, the present generally ac¬ 
cepted relation between valence and charge seems too useful to be given 
up so readily; moreover, the suggested variations in valence correspond 
to no real variations in the state of the sodium ion. (Cf., for example, 
the distinction between univalent and bivalent copper.) As a second 
alternative, the sodium and chloride ions might be said to be joined by 
single bonds in NaCI, by half-bonds in (NaCl) 2 , and by sixth-bonds in the 
crystalline solid. Then, in each instance, each sodium ion would form 
altogether only one bond; but the introduction of fractional bonds would 
make the whole treatment awkw^ard and inconvenient. JMoreover, the 
single bond in monomeric NaCl and the sixth-bond in the crystal do not 
differ as do, for example, the double bond in ethylene and the single bond 
in ethane. 

Probably, from a purely logical point of view, the least unsatisfactory 
solution of the difficulty is to give up all attempts to describe any at¬ 
traction between oppositely charged ions in terms of bonds. The 
adoption of this suggestion, however, would necessitate a rather funda¬ 
mental departure from the most generally accepted terminology. In 
particular, the Avord ^‘bond^' would have to be restricted to mean a co¬ 
valent bond or, at any rate, an ^^essentially^^ covalent bond, since, as was 
pointed out in Section 1 • 10, the distinction between covalent and ionic 
bonds is not a completely sharp one. Thus, it would be necessary to 
consider that in any form of sodium chloride, just as in tetramethyl- 
ammonium nitrate, the oppositely charged ions were held together, not 
by bonds, but instead merely by their mutual electrostatic attractions. 
This method of avoiding the dilemma suffers from the logically im¬ 
portant, but practically rather unimportant, defect that it provides no 
unambiguous description for a strong interatomic attraction which is 
neither essentially covalent nor essentially ionic. 

Although the just-described definition of a valence bond has been 
adopted by some chemists,^* it has never been widely accepted. It will, 
accordingly, not be employed in this book. Instead, a less extreme pro¬ 
cedure will be followed. A valence bond may be defined as any sort of 
attractive force which is strong enough to withstand molecular collisions 

See, for example, B. Eistert, Tautomerie und Meaomerie^ Ferdinand Enke, Stuttgartf 
1938, pages 20 ff. 
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at the temperature in question, and which acts between two individual 
atoms. Thus, covalent bonds, semipolar double bonds, coordinate bonds 
of the sort in the Werner complexes (Section 1 • 12), and ionic bonds be¬ 
tween individual atoms, as in sodium chloride, are four types of valence 
bond. On the other hand, ion-dipole interactions of the sort occurring 
in the solvated ions (Section 1 • 12) arc probably not strong enough to 
establish valence bonds. An electrostatic interaction between op¬ 
positely charged ions, of which at least one is polyatomic, is also not a 
valence bond because it does not act between two individual atoms; and 
a dipole-dipole or van der Waals interaction between molecules is not a 
valence bond because it satisfies neither of the two necessary conditions. 
Tliis suggested definition of a valence bond does not avoid the difficulties 
referred to in connection with the nature of the linkages in sodium chlo¬ 
ride. Such difficulties r(;main, but fortunately they do not arise with 
organic substances. Conseciuently, although their existence must be 
recognized, they can be ignored here. 

1*17 Molecules. For the further discussion throughout this book, 
a molecule may be defined as a collection of atoms, which is held together 
by valence bonds (in the sense of the preceding paragraph), and which 
retains its identity in the/wfd state (i.e., in the liquid or gaseous state or 
in both or in solution in a liquid solvent). A charged molecule is called 
an ion. The significance of this definition can be made clearer with the 
aid of a few examples. 

A particle consisting of one sodium and one chloride ion may, as here¬ 
tofore, be called a gaseous sodium chloride molecule, since it is held to¬ 
gether by an electrostatic int/eraction between two individual atoms. 
On the other hand, a particle consisting of one tetramethylammonium 
and one nitrate ion, if indeed such a particle be capable of existence at 
all, cannot be called a gaseous tetramethylammonium nitrate molecule, 
since its two ions are not joined by a valence bond. A particle of this 
sort may instead be called an ion-pair. The individual ions which com¬ 
prise an ion-pair are molecules in the present sense. Thus, the tetra¬ 
methylammonium and nitrate ions are polyatomic molecules. The salt 
tetramethylammonium nitrate, therefore, consists of a mixture of dis¬ 
similar molecules. 

From the viewpoint of the kinetic theory, rather than from that of organic chem¬ 
istry, an ion-pair should behave in exactly the same way as does a molecule. From 
the former viewpoint, therefore, an ion-pair can most conveniently be called a 
molecule. 


An important difference exists between the two types of mixture rep¬ 
resented, for example, by tetramethylammonium nitrate and by For- 
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malin. In the former mixture the molecular ratio of the two components 
must be exactly 1:1, and hence no variation in the composition is pos¬ 
sible; consequently, an empirical formula can be assigned to this sub¬ 
stance, even though a molecular formula cannot be assigned. In For¬ 
malin, on the other hand, the molecular ratio of the two components is 
not uniquely determined, since the composition of the mixture can be 
varied continuously within wide limits; consequently, not even an em¬ 
pirical formula can be assigned to this solution. A mixture like tetra- 
methylammonium nitrate, in which the molecular ratio is invariant, may 
be called a stoichiometric mixture; one like Formalin, in which the ratio 
is not invariant, may be called a nonstoichiometric mixture.^^ Only the 
stoichiometric mixtures have unique compositions and empirical for¬ 
mulas; hence, only they can be described as substances. 

In a diamond crystal each carbon atom is joined to four other carbon 
atoms by covalent single bonds. However, the crystal as a whole is not 
a molecule because it does not retain its identity in any fluid state. A 
crystal of naphthalene, on the other hand, consists of units with the 
formula CioHg. Each unit is held together by valence bonds, but only 
van der Waals forces act between different units. When the crystal is 
melted, dissolved in a liquid solvent, or vaporized, it breaks up into these 
CioHg units, which retain their identity and so are the actual molecules 
of naphthalene. A hydrated sodium ion is not a single molecule but a 
mixture of a sodium ion and an uncertain number of water molecules. 
On the other hand, the Werner complex ions, such as the hexammino- 
cobaltic ion, are to be regarded as molecules rather than as mixtures of 
any kind. 

Since the existence of a bond depends upon the temperature, that of 
a molecule must do likewise. For example, two hydrogen atoms may 
form a molecule at room temperature but not at 5000°C. Within a cer¬ 
tain intermediate temperature range, the existence of the molecule is 
uncertain. (Cf. Section 1 • 16.) 

1 • 18 Isomers. Two substances are said to be isomers of each other 
if, first, they are different and, second, they have the same molecular 
formula. Both parts of this definition require comment. 

Ordinarily, there is no ambiguity concerning whether two substances 
are identical or different, because, if they are different, they must differ 
in at least one physical or chemical property, even if that property be 
merely the sign of optical rotation. However, a number of examples are 
knovsm in which the distinction can be made only with some arbitrari- 

The author is indebted to Professor J. K. Senior, who called to his attention the de¬ 
sirability of making the distinction between the two types of mixture, and who suggested 
the expression “stoichiometric mixture” here adopted. 
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ness. For example, CTs-cinnamic acid, I, can be obtained in three crys¬ 
talline forms, which melt at 68 °C, 58°C, and 42°C. Since these forms 

CeHs—C-H 

II 

HO 2 C—C—H 

I 

differ in melting point, they might appear to be different substances; 
however, they give identkial melts and identical solutions. Conse¬ 
quently, the differences among them, since they exist only in the solid 
phase, must be diui to diffennces in the ways in which the molecules are 
packed into the c^y^stal, and not to any intrinsic differences in the mole¬ 
cules thems(?Ives. Crystallographers, Avho are interested in the crystal 
forms, would therefore have to consider that there are three isomeric 
(more precisely, polymorphic) m-cinnamic a(‘ids. However, organic 
(diemists, who are interested rather in the constitution of the individual 
molecules, would prefer to consider that there is only a single ds- 
cinnamic acid. C 4 )nsequently, when hereafter the number of isomers is 
counted, only those substances Avhicli retain their differences in the fluid 
states will be considered different. This convention is justified by the 
fact that, since most organic compounds are usually put into some fluid 
state before they are caused to react with other compounds, any dif¬ 
ferences which exist only in the solid state are chemically rather un¬ 
important; indeed, the structural theory was designed primarily for, and 
is best suited to, the description of fluid substances. 

In view of the somewhat special definition of a molecule wliich was 
given above, the significance of the molecular formula will have to be 
considered. Ordinarily this formula is defined as the one which gives 
not only the per cent composition of the substance but also its molecular 
weight. In theoretical, rather than experimental, terms, it may be de¬ 
fined as the formula which states how many atoms of each clement are 
present in a single molecule. Consequently, no molecular formula can 
be given for the stoichiometric mixture of tetramethylammonium and 
nitrate ions that is known as tetramethylammonium nitrate, any more 
than one can be given for the nonstoichiometric mixture of formaldehyde 
and water molecules that is known as Formalin. Moreover, methyl- 
ammonium formate, II, is not an isomer of ammonium acetate, III; for, 
since neither substance has any molecular formula at all, the two cannot 
have the same one. Each of these salts is a stoichiometric mixture of 

[H 3 N—CIIal+lHCOa]- [NH 4 l+[CH 3 C 02 ]- 

11 III 

electrically charged molecules (i.e., ions), no one of which is isomeric 
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with any other. Two different stoichiometric mixtures which, like 
methylammonium formate, II, and ammonium acetate. III, have the 
same composition and hence the same empirical formula may be called 
stoichiomers of one another.^® 

The foregoing definitions and distinctions may perhaps seem more 
confusing than helpful, but the following, less trivial examples should 
serve to show their significancic. The two sequences of reactions given 
in equations 1-7 and 1 *8 may first be considered.^® The substances IV 


(CH3)3N+— 0 - + CH3OH 


_ NaOCoHs 


[(CH3)3N—OCHsl+OH 

[(CH3)3N—OCIl3]+OC2n5“ (1-7) 

IV 


ovaporate 


solution 


(CH3)3N + CallsOH + H2CO 


(CH3)3N+— 0 - + C2H5OH 


[(CH3)3N—OCallsl+OH- 


NaOCHs 
-> 


[(Cll3)3N^~--OC2H5]'^OCH3”' (1*8) 

V 


evaporate 


solution 


(CH3)3N + CH3OH + CH3CHO 


and V cannot be isolated, but they are definitely different since, on d(v 
composition, they are transformed into different products. Although, 
according to the definition given above, they are stoichiomers, and not 
isomers of one another, it will be instructive to consider the situation 
which would arise if, on the basis of some other definition, they had to 
be treated as isomers. Later, a sharp division of all isomers into strvr.- 
tural isomers and stereoisomers will be made. (See Chapters 4~8.) To 
which class would the substances IV and V then belong? If the nitrogen 
atoms are considered to be joined by ionic bonds to the oxygen atoms of 
the alkoxidc ions, the isomerism might be (tailed a new type of structural 
isomerism, in which the two structures differ in the natures of the bonds. 
Thus, in the substance IV, the methoxyl and ethoxyl groups would be 
linked to the nitrogen atom by covalent and ionic bonds, respectively; 
whereas, in the substance V, the opposite would be true. On the other 
hand, if attention is centered upon the relative positions in space of the 
methoxyl and ethoxyl groups, the isomerism might instead be called a 
new type of stereoisomerism. From neither point of view, however, is 
the situation very closely analogous to an}^ encountered in the more 


** The word “stoichiomer” was suggested by Professor J. K. Senior. 
J, Meiseiiheirner, Ann, 397, 273 (1913). 
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familiar varieties of structural isomerism and stereoisomerism. It seems 
simpler and more logical, therefore, to speak of the compounds IV and 
V as stoichiomers than to try to classify them xinder the heading of 
isomeric substances. Indeed, it was just for the purpose of avoiding 
difficulties like this one and the ones dis(5ussed in the next paragraph 
that the above definitions of isomers and stoichiomers wc^re devised. 

A further example in whi(;h the suggested definitions prevent a pos¬ 
sible ambiguity is the following.^® If a mixture of picric acid, VI, and 
o-bromoaniline, VII, is crystallized from ethyl alcohol at the boiling 
point of the saturated solution, there is obtained a yellow solid product, 


OH 

NH2 

NH3 1 


0 






\y 

\/ 

.\/ - 


\/ 

NO2 




NO2 J 


VI vn VIII 


which is presumably the salt, VIIT. On the other hand, if the sam(^ 
mixture is crystallized fr*om chlorobenziaie at a temperature above 95‘^C, 
there is instead obtaiiKxl a ]*ed solid product, \\'hi(!li is presumably an 
addition compound analogous to naphthalene picrale. (See Solution 
2‘8.) If the yellow form is hi^ated to a tempiaature above 95°C, it 
changes without melting into tlui red form; convca-sel}^ if the red form 
is cooled to a temperature below 95*^0, it (hanges to the yellow form. 
Moreover, this type of behavior is not restrictc'd to crystalline solids, but 
has been observed also in the fluid state.^^ Thus, an eqiiimolecular mix¬ 
ture of diethylaniline, IX, and 3,5-dinitrobenzoic acid, X, gives a color- 

O2N 

Cells-NCCaHs):. OaN 

IX X 


less solution in wat(M‘, but a yellowish red one in any of several organic 
solvents, such as alcohol, ether, and chloroform. Since the colorless 
aqueous solution is a good (^mductor of the electric current, it pr(^- 
sumably contains the salt, XI; on the other hand, the colored solutions 


[C6H5-NH(C2H5)2]'^ 



XI 

20 E. Hertel, Brr. 67, 1559 (1924). 

21 II. Ley fmd H, Gnui, Z. phf/sik. Chrn,. 100, 271 (\i)22). 
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in the organic solvents presumably contain greater or smaller quantities 
of the addition compound. According to the definitions given above, 
the two members of either pair of substances are not isomers of one an¬ 
other but are instead just two different stoichiometric mixtures (i.e., 
stoichiomers). If, on the other hand, they were considered to be iso¬ 
mers, the same difficulty as before would arise in regard to whether they 
are structural isomers or stereoisomers. 

It has, of course, b('en known for many years that, if stoichiomers are not dis¬ 
tinguished from isonuii’s, the classification of isom(‘i*s can become very complicated. 
Werner, for example, n'cognized seweral different types of “isorneri(^” complex salt.^^ 
Thus, he used the (‘xpressiori “coordination isomers’’ to di*scribo such pairs of sub¬ 
stances as XII and XIIT, or as XIV and XV, and the expression “ionization met.a- 
mers” to describe such furlluu* pairs as XVI and XVII. Moreover, he considered 

1Co(NH 3)6]++ nCr(CN)6l"^ [Cr(NH3)6]+-*"^ [Co(CN)6]"^ ICo(NH3)6]++-^[Co(N02)6j" 

XII XIII XIV 

[Co(N02)2(NH3)4j'^lCo(N02)4(NH3)2]" lCoBr(NH3)6]‘^+SOr ICo(S 04 )(NH 3 ) 6 ]‘^Br“ 

XV XVI XVII 

that the two hydrat<Hl salts XVTTt and XTX are “hydration isomei’s” of one another. 
Somewhat later, IlerteP^ applied the term “complex isomers” to the two different 

[CrCl(H20)6] 2C1- -h II 2 O [C^rCl2(H20)4]-^Cr + 2 H 2 O 

XVIIl XIX 

products obtained from an acidic polynitro compound (like picric acid, VI, or 3,5- 
diiiitrob(^nzoic acid, X) and an aromatic amine (like o-bromoaniline, VII, or diethyl- 
aniline, IX, resp(H!tively). In this book, however, all thewi several types of “isomer” 
are treated not. as isomers, but as stoichiomers, and no attempt is made to subdivide 
the stoichiomers int.o still smaller classes, 

A. Werner, Neuere Aiischauungcn auf dem Qebitte der anorganischen Chemict Friedrich 
Vieweg und Sohn, Brauuscliweig, 4tli ed., 1920, pages 327 ff. 
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2*1 Distinguishing Characteristics of Addition Compounds. 

An addition compound can be defined as a substance that is formed by 
an addition reaction, i.e., by a direct combination of two (or more) 
simpler substances. The addition compound necessarily contains all the 
atoms that were present in the original reagents; hence methyl formate, 
for example, is not an addition compound since, in its preparation from 
methyl alcohol and formic acid, two hydrogen atoms and one oxygen 
atom are eliminated as a molecule of water. 

Addition compounds in general can be divided into three main classes, 
the boundaries among which are not always completely sharp and un¬ 
ambiguous. These classes consist, respectively, of those addition (com¬ 
pounds which can be interpreted on the basis of the simple structural 
theory; of those which can be interpreted only on the basis of an ex¬ 
tended structural theory; and of those which cannot at the present time 
l)e inierpreted on any known basis. 

Inasmuch as addition compounds are defined with reference to their 
method of preparation, rather than with reference to their properties, 
these substances may appear not to be sharply distinguislud, in any 
really fundamental sense, from all the other substances ^vhich are not 
addition compounds. (Cf. page 19.) This objection is indeed valid 
when it is applied to the addition compounds that belong to the first of 
the three classes just defined, since such compounds can usually be 
formed not only by addition reactions, but also by reactions of entirely 
different types. (See Section 2*2.) The objection is, how^ever, not en¬ 
tirely valid when it is applied to the addition compounds of the two re¬ 
maining classes, since such further compounds can usually not be formed 
except by addition reactions; and since, moreover, these substances can 
be distinguished structurally by the fact that their existence is explain¬ 
able (if at all) only with the aid of an extended structural theory. 

2*2 Addition Compounds Which Can Be Inler|>reted on the 
Basis of the Simple Structural Theory. Innumerable substances 
of this type are known. An example is provided by ethylene bromide, 
which is formed by the addition of bromine to ethylene, as in equation 

37 
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21 . Similarly, acetone cyanohydrin is formed by the addition of hy- 

+ Bra HaC—CHa (2-1) 

I I 

Br Br 

drogen cyanide to acetone, as in equation 2-2. In all examples of this 

OH 

((-IT. 0 aC=O -f HCN -> ( 01 ^ 2 ^^ ( 2 - 2 ) 

kind, at least one of the initial compounds has a multiple linkage, which 
is changed in the addition compound into one of lower order (often into 
a single bond). Clearly, addition compounds of this first type are too 
familiar to require further special comment here. Moreover, for the 
reason given in the preceding paragraph, such addition compounds do 
not form a sharply distinguished class of substances; ethylene bromide, 
for example, can be made not only by the addition of bromine to ethyl- 
('lie (equation 2-1), but also by a substitution reaction between ethyl 
bromide and bromine (equation 2 - 3 ). 

CHa—CH2—Br + Bra 0112—0112 + HBr ( 2 - 3 ) 

I I 

Br Br 


2*3 Onium Sails. The second class of addition compounds con¬ 
sists of those which can be assigned definite structures only on the basis 
of an extension of the simple valence theory. The most familiar ex¬ 
amples of such addition compounds are the ammonium salts, like am¬ 
monium chloride (equation 2 - 4 ) and tetramethylammonium iodide 

H ^ + 


NHa + H("l 


H—N-II 
H 


ci- 


(2-4) 


(equation 2 - 5 ). In each of these reactions, the nitrogen atom increases 


N(Cn 3)3 + CH3I 


CH3 

I 

CH 3 —N—CH 3 

CH3 


1+ 


( 2 - 5 ) 


its covalence from three to four and, moreover, acquires a positive formal 
charge. 
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The ammonium salts constitute only one of several different classes 
of substance, which are known collectively as the onium compounds. 
In general, an onium compound can be defined as a substance formed 
by an addition reaction, in the course of which some atom increases its 
covalence by one unit and, in doing so, incTcases its formal charge al¬ 
gebraically by one unit. For exampk', phosphonium compounds, which 
are completely analogous to the ammonium ones, are well known; the 
reactions by which such compounds are formed are illustrated in equa- 
tions 2-G and 2-7. Sulfonium compounds also exist; they are produced 


P(C,H5)3 + HI 


nc2^hh + C2ihi 


Calls 

I 

TI—P-C^alls r 
Calls . 

Calls 

I 

P—CaHr, 

I 

C 2 H 5 


( 2 - 6 ) 


(2-7) 


in reactions like the one illustrated in equation 2-8, but apparently 7iot 

'CsHr—S—C2H5''+ 


SCCsH.,):, + Csblsl 


CaHs 


r 


in reactions like the one shown in equation 2-9. 

'll—S—Calls'’+ 


BCCaliOa + HI 


Calls 


(2-8) 


(2-9) 


The oxonium compounds are considerably more important than the 
phosphonium and sulfonium compounds. Almost every substance which 
contains oxygen has a greater or less ability to form such compounds 
with acids. P'or example, the ionization of hydrochloric atsid in water 
(which goes very nearly to completion) must really be represented by 


HaO + HC^l 


H 1+ 
.II—O—H 

equation 2-10, and not by equation 2 11. (Cf, 

Hci -> H+ + cr 


+ C1- 
Section 3-2.) 


( 2 - 10 ) 

It is the 

( 2 - 11 ) 


H.sO'*' ion, or hydrated proton, which in discussions of aqueous solutions 
is often referred to loosely as the hydrogen ion; it can be designated more 
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precisely as either the oxonium ion, the hydroxonium ion, or the hy- 
dronium ion. 

In alcohols, and in other ionizing solvents, the situation is similar 
(equation 2*12). Even when the ionization is extremely small, the 


C 2 H 5 OIT + IICl 


n 

I , 

Calls—O—HJ 


n+ 


+ cr 


( 2 - 12 ) 


formation of some oxonium compoimd undoubtedly occurs if the solvent 
contains oxygen, as in exjuation 2-13. Jii a few instances, the addition 


(CaHsiaO + HCI 


C2TI5—O—CaHr,- 

I 

II 




+ cr 


(2-13) 


compound has been isolated; one such product is formed in the reaction 
between methyl ether and hydrogen chloride. This substance is a liquid 
which boils at — 2°C and dissociates increasingly into its components 
as the temperature is raised. In view of its physical properties, it can 
hardly have the salt-like structure I, analogous to that of ammonium 
chloride; probably the molecules are held together by hydrogen bonds, 
as in structure II. This conclusion does not imply, however, that there 
may not be a small amount of the ionized ^*salt^’ I present in equilibrium 


IT 

I 

.CHa—0—CH3. 
I 


4- 


ci- 


CH3 

I 

CH 3 —0--H—Cl 

II 


in the liquid phase. 

Ketones, and especially Q:,j3-unsaturated ketones, are apparently able 
to form more stable oxonium compounds than are the ethers. Ben- 
zalacetophenone, for example, dissolves in concentrated sulfuric acid to 
form a salt, as is shown in equation 2*14.^ That a rather significant 


C6H5CH==CH—CO—CeHs + H 2 SO 4 

[CeHsCH^-CH—COH—C6H5]“^HS04-~ (2.14) 

chemical change, and not merely a physical solution, has occurred is 
indicated by the fact that, although the original ketone has only a light 
yellow color when either alone or dissolved in, say, alcohol, its solution 
in concentrated sulfuric acid is intensely yellow. For this reason, this 
oxonium compound is called a halochromic salt, as is also every other 

* S, V. Kostanecki and G. Rossbach, Ber, 29, 1488 (1896). 
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one of similar type. (Greek, oA.?, dXos, salt; color.) Similarly, 

if the light yellow dibenzalacjetone. III, is dissolved in ether and then 
treated with dry hydrogen chloride, there are foimed a yellow and a 
colorless monohydrochloride, and a red and a colorless dihydrochloride. 

CeHsCH^CH—(X>—CH^CHCeHs 

III 

C6H5CII=Cn—CX3~CH2—CHCl—CoHs 

IV 

C6H3—CHCI—CII2—CO—CH2—CHCI—Cells 

V 

The two colorless addition compounds presumably have the structures 
IV and V, respectively, whereas the colored products are presumably 
halochromic salts. 

Especially stable salts are formed, but without the appearance of 
color, by dimethyl- 7 -pyrone, VI, and by other substances containing the 


O 

11 



O 


VI 

7 -pyrone ring. There has been considerable controversy in regard to 
the structure of the cation in these salts. The best view at the present 
time is that the proton is attached to the carbonyl oxygen atom, and that 
the ring has a pseudo-aromatic character, analogous to that of benzene. 
The structure can, accordingly, be written as VII, where, as in the con- 

OH 

njc(^CH, 

vn 

ventional structure, VIII, of benzene, no attempt is made to describe 
the finer structural details. Presumably the same factors which operate 
to make the benzene ring itself so stable operate here also to make this 
cation stable. (See Section 10-10.) A further example of an oxonium 
cation which owes its relatively great stability to the presence of a 
pseudo-aromatic ring, and which also can be considered part of an ad- 
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dition compound, is shown by the ion IX.^ The parent substance from 



IX X XI 


whi(^h this ion is derived is tlie so-called color base, X or XI, of pelar- 
gonidin, a common flowca-pigment, occurring (as a glycoside) in the 
com flower, salvia, some dahlias, and various other flowers. This color 
base is itself purple; in basic solution it forms blue salts by means of the 
phenolic hydroxyl groups; and in acid solution it gains a proton to form 
red salts containing thci ion IX. Clearly, therefore, a w'ide range in color 
is possible with only this single pigment. (In many instanc.es, of course, 
variations in the colors of flowers are due to the presence of different 
pigments of other types, as well as to variations in the acidity or basicity 
of the sap.) 

In a sufficicait ly acidic; medium, even such substances as the simple 
saturated ethers may be transformed largely into oxonium salts. Ethyl 
ether, for example, produces neaily twice the lowering of the; freezing 
point of 100 per cent sulfuric; acid that vv'ould be expec;ted on the basis of 
its molecular formula.^ C'Onsequently, under the conditions stated, re¬ 
action 2-15 must go nearly, if not cpiite, completely to the right. The 

(C2H5)20 + H 2 SO 4 [(C 2 H 5 ) 20 Ii]+ + [IISO 4 ]- (2-15) 

solubility of ether, and of nearly all other substances containing oxygen, 
in concentrated sulfuric acid is partially, although probably not cm- 
tiredy, due to this salt formation. 

The reaction in which an oxonium salt is produced by the addition of 
an acid to an oxygen-containing substance is entirely analogous to the 
one in which an ammonium salt is produced by the addition of an acid 
to an amine. Conseciuently, the original oxygen-containing substance;, 
like the amine, must be said to neutralize the acid and hence to act as a 
base in the addition reaction. (See also Chapter 3.) The ionization 
constants of a few ‘^oxygen bases^^ in aqueous solution have, in fact, been 
estimated in ways that cannot be discussed here; some values are listed 
in Table 2 * 1 . (For the significance of the constant see equation 
3*14 on page 79.) The last three values in this table are given in order 

2 Cf. K, P. Link in H. Gilman, Organic Chemintru, Jolin Wiley and Sons, Now York, 1st 
ed., 1938, Volume II, Chapter 13, 2nd cd., 1943, Volume 11, Chapter 18. 

a A. Hantzsch. Z. j^ysik, Chem. 61 , 257 (HK)7); 66 , 41 (1908). 
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TABLE 21 

Ionization Constants of Some Very Weak Basp:s in Water « 


Substance 

Kb 

Dimet h yl- 7 -py rone'' 

2 X 10-’^ 

h yl acetoi)honoiu» 

4.5 X U)--" 

Bcnzala(*(;tuj>h(Rionf‘ 

2.5 X 10-'-" 

A(;oloph(Ri()H(* 

1 X 10™ 

p- Br()iiioac< 4 ophoiKmc* 

4 X IO-=‘ 

Anihratiuirioiui 

7 X 10-™ 

7 >“Ni 1 r()aniliiio 

1.3 X 10' 

2,4-T>inil roanilino 

4 X 10“** 

2,4,(>-Triiiitroaiiiline 

5 X 10 ' -^ 


® Except as noted, these values are obtained from L. P. Hammett, Physical Otyanh 
Chemistry, McGraw-Hill Hook Goinpauy, New York, l‘J4(), j)a;L;es 20(>, 271. 

^ P. Walden, Ber. 34, 4185 (1901). 

to show that the oxygon compounds, although extremely weak bases, 
arc not tremendously w(^aker than certain other substances, the basic, 
(characters of whi(;h are generally rc^cognized. 

An important property of amines is their abilit}^ to form ammonium 
ions not only by the addition of protons, but also by the addition of 
alkyl cations. In particular, amiiK^s lead ultimately to quaternary am¬ 
monium compounds in which each nitrogen atom is joined to four hy¬ 
drocarbon residues. (C^f. equation 2*5.) AToreov^er, the phosphines and 
sulfides behave similarity and give the analogous (quaternary phospho- 
nium and tertiar}^ sulfonium salts. (Cf. equations 2*7 and 2-8, re¬ 
spectively.) It might be expepLed, therefore, that the tertiary oxonium 
compounds also should be obtainable. Onl.y a very small number of 
such substances are known, how(wer. The cations derived from di- 
methyl- 7 -pyrone and from pelargonidin might b(j said to bedong to this 
class, but they are rather special in that they do not have three distinct 
groups joined to the oxygen atom. A more typical (example is provided 
by Meerwein^s triethyloxonium cation,^ which (*.an be made by either of 
the reactions 2 - IG or 2-17. Similar salts with the SbClo“, Al( ^ 4 ” and 

rCHsCl-CH -1 



+ 0(021-15)20 + 4BF3 


CII2 - 



CICH2 \ 



>CH—0— B -f 3{[(C2H5)30]+BF4-} 

(2-16) 

.CgHs-O—CH2 /» 


(C2H5)20 + C2H5F + BFa ^ [(C2H5)30]+BF4- 

(2-17) 


^ H. Moorwein, G. Hinz, P. Hofmann, E. ICroiiini^, and E. Pfoil, J . prakt. Chevn, [2] 147^ 
257 (1937). 
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FeCU’^ anions have also been made, but the cation decomposes if the 
attempt is made to associate it with less complex anions or to derive 
from it the corresponding base. That these substances are true salts is 
shown by the fact that, for example, the one with the SbClc"^ anion is 
a good conductor of the (electric current when it is dissolved in liquid 
sulfur dioxide. The substances are all decomposed by water. 

The hydrated caiic^ns referred to in Seetions 1*6 and 3*12 may be said, in at least 
a purely formal sense, to be parts of t)xonium salts or, more generally, of oxonium 
electrolytes; for, to the (extent tliat a shared-electron bond existe between the metal 
atom and tlui oxygen atom, the latter is indeed Been to take part in three covalent 
bonds and to carry a formal positive charge. 

2*4 Onium Compounds Wliich Are Not Electrolytes/ So far, 

the various (electrically neutral) oxonium compounds that have been 
discussed have been electrolytes, consisting of distinct cations and 
anions. Other types of onium compound, howtiver, are not only pos¬ 
sible but very common and very important. This statement is espe¬ 
cially true of the aronium compounds, to which the following discussion 
will be restricted. Typical examples are provided by the addition com¬ 
pounds formed between, on the one hand, substances like aluminum 
chloride, boron fluoride, or stannic chloride, and on the other hand, 
organic oxygen-containing substances. Some characteristic examples 
are the ones to whi(^h structures 1, 11, and 111 may be assigned. Sub¬ 
stances of this type are frequently distinguished from the addition com¬ 
pounds of the first class and from the onium electrolytes considered pre- 

(CoH5)2C=0+~Al~'Cl3 (Cn3)20+~-B-'F3 

I ii 


C6H5CH==CII c;i 

Cl 

CH=CHC6H5 

\ A 

/ ^ 

/ 

=c 

C==0+—Sn- 

“—o+= 

/ / 
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\ 

CeHsCHMDII Cl 

III 

Cl 

CH=CHC6H6 


viously, by being called molecular compourids. This same term is also 
used generally for the description of all the remaining types of addition 
compound to be described below. In general, an addition compound is 
called a molecular compound if it neither belongs, like ethylene bromide 
and acetone cyanohydrin, to the simple first class, nor is an onium 
'electrolyte. 

2*5 ‘^Carbonium” Salts. A further type of addition compound, 
which is commonly, but erroneously, referred to as an onium salt, is 

* For numerous further examples, see P. Pfeiffer, Organiache McllekiUverhind^ 
Ferdinand Enke, Stuttgart, 1st ed., 1922, 2nd ed., 1927. 
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represented by the '‘carbonium’^ salt I formed from triphenylmethyl 
chloride and aluminum chloride. This highly colored ^'halochromic salt'^ 

[(C6H6)3C]+AlCl4-“ 

I 

has definite salt-like properties, and doubtless it is actually composed of 
the cation and anion stated. However, the covalence of the central 
carbon atom of the cation has not increased, but rather has decreased, 
in the transition from the neutral triphenylmethyl chloride molecule to 
the positive triphenylmethyl ion; the term ^‘carbonium^^ is therefore 
inappropriate. For this reason, the alternative word “carbenium^^ has 
been proposed; ® it has not, however, been widely adopted. Closely re¬ 
lated to the salt I are the further halochromic salts-^ sucdi as triphenyl¬ 
methyl perchlorate, II, and bisulfate. III, which, however, cannot be 
classified as addition compounds, and so are out of place here. 

I(C6H5)3C]+C104- [(C6n5)3C]+HS04- 

II III 


The platinum compound, IV,® would have somewhat more right to be 
termed a carbonium compound, if its structure could legitimately be 
written more explicitly as V, and if it could therefore be considered a 
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Nila 
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IV V 


-CH2—C+H2 

VI 


derivative of a hypothetical, highly polarized ethylene molecule with 
structure VI. Moreover, the situation is similar in various other com¬ 
plexes that are formed by the addition of unsaturated hydrocarbons to 
compounds containing metallic atoms or cations; some characteristic 
examples of such further substances may be represented noncommittally 
as VII,» VIII,IX,and X. 

® W, Dilthey and li. Dinklage, Bcr. 62, 1834 (1929); B, Eistert, Taidomerie und Mmo- 
merie, Ferdinand Enke, Stuttgart, 1938, page 27. 

^ For further discussion of these salts, see L. P. Hammett, Physical Organic Chemistry^ 
McGraw-Hill Book Company, New York, 1940, pages 54 f. 

® For discussion of this and other analogous platinum compounds, see J. Chatt, Ann, 
jSepto. Progress Chem, (Chem. Soc. London) 43, 120 (1940). 

® W. F. Eberz, H. J. Welge, D. M. Yost, and H. J. Lucas, J. Am, Chem. Soc. 69,45(1937); 
see also S. Winstein and 11. J. Lucas, ibid. 60, 836 (1938). 

W. C. Gangloif and W. E. Henderson, J. Am. Chem, Soc. 39, 1420 (1917). 

I. L. Kondakov, F. Balas, and L. Vit, Chem, Listy 24, 1, 26 (1930); Chem, Zenir^, 1930, 
I, 3287. 
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[(CH 3 ) 2 C=CH 2 • Ag]+ (Cll 3 ) 2 C=CH 2 • AR^lg • 2 CH 3 OH • H 2 O 

VII VTII 


(CH3)2C=CHCIl3 • ZnCl2 

IX 


Ni(CN)2-Nll3-C6He 

X 


There is retisoii to doubt- that structure and its analogs can be accurate descrip¬ 
tions of the rt'spective substan(X?s or ions; in fat^t., a (\‘irbon atom with only six 
trons in its vakince shell, and henico with a positives formal charge, is seldom, if ever, 
(‘iicountered in a stable molecuk* or ion, unless it is direcitly linked to several aromatic 
rings. (Cf. the salts T-TTl.) For tlu^ compouiuls IV, VlII, and IX, alternative 
chlormvium st-ructures can be writtem; thus, for the first of th(‘S(i three substance's, 
stnictun' XI seems not- at all unreasonable. With thti n'lnaining comf)ounds VII 
and X, however, no very closel 3 ^ analogous representations are pt)ssiblc. Still a 


Cl N ‘ Ha 

\ / 


rt- 


ci+v; '>ch2 
"cHa 


XI 


further suggestion, which is of greater gerwinility than the one just discussed, can 
be illustratcHl with refen'iice to the ion VII. It is possibk? that the aveiage distribu¬ 
tion of the eku'trons in this ion is intermediate* among the average distributions 
charactenstic of structures XTI-XV.^® ((If. Chapter 10.) No definite decision 

(cih) 2 C—cnh (Cih) 2 C+ycjh (CH 3 ) 2 C=-cii 2 (0113)20—chs 

Ag Ag Ag"*" Ag+ 

XII XIII XIV XV 

among these various possibilities can at- pmsent lx* made. Perhaps no single explana¬ 
tion applies to all the addition (X)mpounds here* (considered. 

2*6 The Hydrogen Bond.^^ A further type of addition compound 
that can be interpreted only on the basis of an extension of the simple 
stnictural theory is presented by those substances in which individual 
molecjules are held together by the particularly strong dipole-dipole in¬ 
teraction known as the hydrogen bond or hydrogen bridge. The dimeih; 
form of hydrogen fluoride, for example, may be written as in structure 
I, where the broken line, as before (see Section 1*7), represents the 
electrostatic attraction between the two monomeric molecules. It should 

H—F—H—F 

I 

J. Lucas, R. S. Moore, and D. Pressman, J. Am. Chem. Soc. 66 , 227 (1943). 

13 For general discnissions of the hydrogen bond, see L. Pauling, The Nature of the Chem- 
ical Bondf Cornell University Press, ltha<;a, 1st cd., 1939, 2nd ed., 1940, Chapter IX; G. 
W. Wheland, The Theory of Heeoruiucc^ John Wiley and Sons, New York, 1944, pages 44 ff. ; 
M. Davies, Ann, Repte, Progreas Chem, (Chem. Soc. London) 43, 5 (1946); L. Hunter, ibid, 
43, 141 (1946). 
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be observed that, on the basis of the definition introduced in the pre¬ 
ceding chapter, the linkage between the two fluorine atoms cannot be 
classified definitely as a bond; for, although it acts between two indi¬ 
vidual atoms, it is broken with relative ease by molecular (collisions. 
For this reason, the term ^ ^hydrogen bridge^ ^ might be pieferable to 
“hydrogen bond,’^ since the existence of any bond at all may be (^ues- 
tioned. However, present usage favors the latter, less precise expression, 
which will therefore be used hereafter. 

The existence of th(^ hydrogen bond was at one time eonsid(‘r(‘d to show that a 
hydrogen atom can form as many as two covalent bonds; th(i strucctnn^ of dimeric 
hydrogen fluoruhi was accordingly written in the two equivalent forms TI and 111. 
At the present time?, however, it is generally Vx'lieved that a hydrog(ui atom cannot 

H—F—H—F n:F:ll:F: 

II III 

have more than two elc^ctrons in its valence shcjll. (Of. j)ag(\s 12 and 423.) This 
earlier iiiterprfctation of the hydrogen bond has therefon^ be(‘,n coini)l(dely abandon(‘d. 
A further and more nxM'nt sugge^stion that the hydrogen bond is diuc t-o a jesonance 
effect (cf. Chapter 10) is also unsatisfacl-ory.^^ Th(?re is, in fact, no r(*ason to doubt 
that, as was stated above, the bond or bridgi* in question is largely, if not entirely, 
the result of an (cx(H‘ptionally large dipokc-dipole interaction. 

Historically, thcc concept of the hydrogen bond seems to hav(^ been 
used first to explain the fact that quaternary ammonium hydroxides are 
incomparably stronger bases than are ammonia and the primtiry, sec¬ 
ondary, and tertiary amines.An apparently reasonable interpretation 
of this fact, which had previously been more or less taccitly assumed to 
be correct, is that, with ammonia, for example, the eciuilibrium depicted 
in equation 2*18 is greatly in favor of the free ammonia plus waiter, so 

NII3 + H2O NH4OII ?:± NII4+ + OH~ ( 2 - 18 ) 

that very little ammonium hydroxide is present in either its ionized or 
its un-ionized foim; consequently, even though the ammonium hy¬ 
droxide which is present is coriwsidered to be highly ionized, the resulting 
concentration of hydroxide ion must be \o\\\ Moreover, according t.o 
this same proposcjd explanation, a quaternary hydroxide, like tetra- 
methylammonium hydroxide, can dissociate only into ions, as in equa¬ 
tion 2*19. Consequently, since the hydroxide is again considered to be 

[(CH3)4N]+0II- [(CH3)4N]+ + on- ( 2 - 19 ) 

T. S. Moore and T. F. Winmill, J. Chem, Soc, 101, 1035 (1912). For a still earlier and 
somewhat similar suggestion in connection with the structures of e-hydioxyazo com¬ 
pounds, see G. Oddo and E. Puxeddu, Gazz. chim. ital, 36, II, 1 (1900); Chern. ZetUr, 1906, 
II, 1191. 
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highly ionized, the concentration of hydroxide ion is relatively 
great. 

In 1912, however, Moore and Wimnill brought forth some experi¬ 
mental evidence which purported to show that the concentration of un¬ 
ionized ammonium hydroxide (as well as that of an un-ionized primary, 
secondary, or tertiary ammonium hydi*oxide) is far from small enough to 
account for the low base strength of ammonia (or for that of a primary, 
secondary, or tertiary amine). Although their experiments might no 
longer be considered very convincing, the conclusion to which they came 
is still regarded as, at any rate, qualitatively correct. In other words, 
it is at the present time commonly assumed that the explanation given 
in the preceding paragraph is incorrect, and that there really is a marked 
difference in the degrees of dissociation of the various ammonium hy¬ 
droxides. 

This conclusion is somewhat surprising since, on the basis of the elec?- 
tronic theory of valence, there is no way in which an un-ionized molecule 
of any ammonium hydroxide can exist at all, no matter how many hy¬ 
drogen atoms are attacihed to the nitrogen atom. Structures IV and V 
are completely analogous to each other and also to those of the inter- 
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mediate primary, secondary, and tertiary ammonium hydroxides. In 
none of these structures is the hydroxyl group joined to the ammonium 
group by a valence bond. There is thus no obvious reason why ammo¬ 
nium hydroxide, IV, should be only partially dissociated, whereas its 
tetramethyl derivative, V, is almost completely dissociated. 

Moore and Winmill perceived the difficulty just outlined, although 
they naturally described it in the language of their day and without the 
benefit of the more modem electronic theories. In order to explain 
their data, they therefore proposed that, as long as at least one hydrogen 
atom remains attached to the nitrogen atom of the ammonium ion, this 
•hydrogen atom can form a link between the nitrogen and oxygen atoms. 
In ammonium hydroxide, and in the primary, secondary, and tertiary 
ammonium hydroxides, such links are possible, and so the undissociated 
molecules can exist; in tetramethylammonium hydroxide, on the other 
hand, the link is not possible, and so an undissociated molecule cannot 
exist. In modem terminology, undissociated ammonium hydroxide can 
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thus be written as either VI or VII (it is not certain which structure is 
preferable), whereas tetramethylammonium hydroxide must still bo 


II 
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H—N+—H 

i 

H 

VI 


H 

II—II 

I 

H 

VII 


written in the original manner, V. 

Since 1912 the hydrogen bond has been found to be important in 
many fields of chemistiy.^-'* The association of hydrogen fluoride and, 
in general, of all compounds containing hydroxyl or amino groups is con¬ 
sidered due to hydrogen ])onds. As should be apparent from the typical 
structures Avhich have alread}^ Ixxm given, such association can, in prin¬ 
ciple, proceed to anj^ desired extent. In other words, there is no natural 
upper limit to the value of the index n in, say, (HF)n. However, certain 
of the lower carboxylic^ acids are kno\V7i to form stable dimers which are 
not entirely dissociated even in the gaseous state, and whicli show little, 
if any, tendency to come together into still larger aggregates. An ex¬ 
ample which has been investigated ratlicT carc^fully is provided by formic 
acid, the dimeric form of which has been assigned stmeture 


0-II—0 
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II—C C—II 
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0—H--0 
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From a study of tfce effect of temperature upon the position of the 
equilibrium betweemthe monomeric and dimeric forms,^^ the conclusion 
has been drawn that about 14 kcal is required to break up 1 mole of the 
dimer into 2 moles of the monomer. It follows, therefore, that each of 
the 2 equivalcmt hydrogen bonds has an energy of about 7 kcal per 
mole. This value, which illustrates the order of magnitude of the en¬ 
ergies of all the hydrogen bonds between 2 oxygen atoms for which data 
are available, may be compared Avith Ihe energies of 25-100 kcal per 
mole that are characteristic of most single covalent bonds. Obviously, 
therefore, the hydrogen bond, although it is very strong for a dipole- 
dipole interaction, is really a rather weak kind of interaction. Dimeric 
formic acid may be considered to represent a borderline case between a 
single molecule and an aggregate composed of tAvo different molecules. 

See, for example, J. Karle and L, O. Brockway, J, Am. Chem. Soc. 66, 574 (1944). 
w A. S. CooUdge, J. Am. Chem, Soc. SO, 21<56 (1928). 
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Even in the gas phase, this dimer holds together to a certain extent at 
sufficiently low temperatures; nevertheless, its stability is much less 
than is that of a typical molecule. The question is, of course, merely 
another aspect of the previous one whether the hydrogen bond is really 
a bond or not. (See page 47.) 

An important limitation iq^on hydrogen bonds is that they exist only 
i)etween the most electronegative elements. In fact, fluorine, oxygen, 
and (to a smaller extent) nitrogen are the only elements which enter 
into such unions at all frequently; in general, the more electronegative 
the atoms that are joined, the stronger is the hydrogen bond between 
them. I)ipole-<lipole interactions involving chlorine atoms are ordinarily 
too weak to l)e classed as true hydrogen bonds; the ones involving the 
still less electronegative (carbon atoms are ordinarily much weaker still. 
To be sure, hydrogcni cyanide is a highly associated licpiid, presumably 
as a result of hydrogen bonds of the type shown in structure IX. Here, 
however, t he carbon atoms have lost to the nitrogen atoms a considerable 

11—C=N—H—C=N 

IX 

part of their share of the vakmce electrons; hence, on account of their 
resulting net positive cliargi^s, their attraction for electrons must be 
considerably greater than usual. Consequently, in this respect, they 
resemble the atoms of a more electronegative element. 

'Eiie reason for this limitation should be apparent. If, as has been as¬ 
sumed throughout the previous discussion, the hydrogen bond is the re¬ 
sult of a dipole-dipole interaction, its strength must certainly increase 
with the magnitudes of the two dipoles involved. Only if the atoms 
which are joined by the hydrogen bond are strongly electronegative can 
these magnitudes be sufficiently great to produce an appreciable bind¬ 
ing. It may seem strange, however, that dipole-dipole interactions are 
never strong enough to cause association unless hydrogen atoms are 
present. For example, the dipole moment of the carbon-nitrogen bond 
in methyl cyanide is about 3.3 D, whereas that of the hydrogen-oxygen 
bond in water is only about 1.6 (The so-called Debye unit, or 

debye, which is here represented by the letter D, is defined as 10""^^ 
electrostatic unit of electric moment.) The moment of the former bond 
is therefore approximately twice as great as is that of the latter. Never¬ 
theless, methyl cyanide is not noticeably associated, whereas water is 
highly associated. The explanation of this apparent discrepancy is pos¬ 
sibly geometrical. The energy of interaction between two dipoles de- 

Cf. N. V. Sidgwick, Some Physical Properties of the Comlent Link in Chemistry^ Cornell 
University Press, Ithaca, 1933, pages 147 ff. 



St v. 2 6 


51 


The Hydrogen Rond 

creases extre^mely rapidly as the distance betw(^en them increases. Con¬ 
sequently, such an interaction cannot he strong unless the two dipoles 
can come very close to each other. Apparently, only the hydrogen atom 
is small enough to p(*rmit this necessary close approach. Th(^ further 
fact that the h 3 a]rog(^n atom is univalent is d(uibtl(\ss important also in 
decn^asing the geomt^tric^al intcrh'rence to a strong bond, since, with 
bi- and polyvalent atoms, the repulsions between the additional atoms 
or groups that are always present should hinder close approach. (Cf. 
Sections 9-G and 9*7.) 

H ydrogen bonds can exist not only between two different molecules, 
but also between two parts of the same mokjcule. Although, in the lat¬ 
ter event, the substance (^an of course no longer 1)e n^garded as an ad¬ 
dition compound in any useful sense, such ?7i^^r«moIecular hydrogen 
bonds will nevertheless, for the sake of continuity, be discussed liere. 
e-Nitrophenol, for (example, should be written as X and not as XI, since 



one of the oxygen atoms of the nitro gi'oup is ^^hj^drogen-bonded’^ to that 
of the hydroxyl group. As a result of this intramolecular hydrogen bond, 
no free hydroxyl group remains for the production of an infermolecnliiv 
bond. Consefjuently, the substance differs from its inrta and para iso- 
ni(U’s in being not associatc^d.^® The fact that o-nitrophenol has a much 
higher vapor tension than does either of these other two compounds, 
and, in part icular, that'it alone is volatile with steam is an immediate 
consequence of this difference. A further consequence is that (at G0®C) 
o-nitrophenol is only one-fifth as soluble in water as is the para com¬ 
pound, but is 127 times as soluble in iKmzene; clearly these figures show 
that the formc^r substance is much less polar than the latter. On the 
other hand, no such striking difference in solubilities exists between m- 
and p-nitrophenol; this fact could have been anticipated, inasmuch as 
an intramolecular hydrogen bond in either compound is geometrically 
impossible. (S('e the following paragraph.) 

Intramolecailar hydrogen bonds of the sort in o-nitrophenol arc en¬ 
countered throughout organic chemistry. Their existence has been 
shown most commonly by a spectroscopic method which cannot be 

Cf. E. N. Lassetiro, Cfmn, Revs. 20, 259 (1937). 

See, for example, G. E. lliUnn’t, O. R, Wulf, S, B. Hondneks, and U. Liddel,«/. Am. 
Chem. Soc. 68 . 548 (1936). 
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discussed here; studies of solubility, association, and volatility have also 
provided useful criteria. The following niles governing the occurrence 
of such intramolecular hydrogen bonds have been found to be fairly 
^ general. In the first place, just as with the intermolecular bonds, the 
atoms joined must be strongly electronegative. Indeed, nearly all 
recognized intramolecular hydrogen bonds are either between two oxy¬ 
gen atoms or between one oxygen and one nitrogen atom. In the second 
place, the ring containing the hydrogen atom must contain altogether 
six atoms, including the hydrogen atom. (A few examples of five- and 
seven-membered rings are known, but such rings are exceptional.) The 
reason for this second recpiircment is probably that smaller rings would 
be too highly strained (cf. Chapter 9), whereas larger rings would be too 
flexible. The disadvantage of too much strain should be particularly 
important here in view of the weakness of the hydrogen bond; that of 
too much flexibility arises from the fact that ring formation, which 
naturally presupposes that the two ends of a chain have come together, 
rapidly becomes less probable as the length of the chain, and hence also 
its flexibility, increases. (Cf, Section 9-4.) A final rule, which possibly 
is also related to the flexibility in the ring, is that stable intramolecular 
hydrogen bonds are seldom formed unless the resulting ring contains 
two conjugated double bonds. (The two carbon atoms to wliich the 
nitro and hydroxyl groups are attached in a-nitrophcnol may here be 
considered joined to each other by a double bond, as may also any other 
pair of adjacent atoms in an aromatic ring of any type.) 

An alternative explanation of the role of conjugated double bonds in the ring is 
that these bonds permit a displacement of electric charge in such a way that the 
electrostatic interaction responsible for the bond is increased. Thus, in o-nitro- 
phenol, the average distribution of charge may be intermediate between the averages 
distributions represented by structures X and XII. (Cf. Chapter 10.) Only if there 




xn 


are conjugated double bonds in the ring which contains the hydrogen bond is such 
a dieplacement possible. 

Some further examples of molecules in which all these conditions 
are satisfied, and in which hydrogen bonds exist, include the enol form 
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of acetoacetic ester, XIII; 1-hydroxyanthraquinone, XIV; 1,8-di- 
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droxyanthraciuinone, XV; methyl salicylate, XVI; and 1-benzeneazo- 
2-naphthol, XVII. On the other hand, satisfaction of the stated con¬ 
ditions is not suffi(*ient to ensure that an intramolecular hydrogen bond 
must be formed. Thus, there appears to be no such bond in /3-benzil- 
monoxime, XVIII, and in a few other substances of similar type. 

Examples of molecules in which at least one of the foregoing con¬ 
ditions is violated, and in which no intramolecular hydrogen bond could 
be expected, include o-phenylphenol, XIX (because only one strongly 
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electronegative atom is present); benzoin, XX (because the ring, if 
formed, would contain only five atoms altogether); o-hydroxybenzo- 
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nitrile, XXI (because the ring, although it would contain six atoms, 
would be highly strained Ixicause of the limiarity of the cyano group); 
ethyleneglycol monoacetate, XXII (because the ring would have to con¬ 
tain either five or seven atoms); and aldol, XXI11 (because the ring 
would contain only one double bond). 

2*7 Quinhydrones. The quinhydrones form a rather extensive 
group of substances which, until comparatively recently, w(?re considered 
to belong to the third class of addition compounds (i.e., to the class of 
addition compounds for w'liich no structure could be wa’itten even with 
the aid of an extended valenc.c theory). At the presemt time, however, 
this view is considerably altered. Several different kinds of quinhy¬ 
drones are now recognized; some (piinhydromes can be assigned definite 
structures; some arc not actually addition compounds at all; and some 
are still not explainable. 

The distinguishing characteristics of a quinhydrone are, first, that it 
is a highly colored substance that is formed by the combination of tw'o 
different colorless or, at any rate, l(\ss highly (colored components; sec^- 
ond, that one of its two components either must be a quinone such as 
p-benzoquinone, I, or else must be a substan(?.e, like the quinonediimine 
cation, II, or maleic anhydride, III, with a structure very similar to that 
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of a quinone; and third, that the remaining (component must be an aro¬ 
matic substan(*.e, usually wdth hydroxyl, alkoxyl, or amino groups at¬ 
tached directly to the aromatic ring. The quinhydrone is always ob¬ 
tained readily, either by melting the two components together or by 
• crystallizing a mixture of them from a suitable solvent. (For the signifi¬ 
cance of the word ^^suitablc,^^ sc^ Section 2-9.) 

The most familiar type of quinhydrone is the one formed from a qui¬ 
none and its corresponding hydrociuinone. The simplest member of this 
series is the substance Avhich is often designated merely as quinhydrone, 
and which is formed from equimolecular quantities of p-benzoouinonw. 
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I, and its hydroquinone, IV; this substance may be described graph- 
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:cally by the rather nonc.ommittal symbol V. In some mixed (juin- 
hydrones of this type, the aromatic component is a hydroquinone other 
than the one formed by reduction of the quinone component; such more 
complex examples, however, need not be discussed further here. Closely 
related in structure to the quinhydrones of type V are the so-called 
Wurstcr’s salts, of which Wurster's red, VI, is a characteristic example. 
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For the sake of definiteness, and for the purpose of distinction from the 
remaining types of cpiinhydrone, substances of these first two classes 
will be referred to hereafter as quinhydrones 'proper. As will be explained 
later, they differ significantly from those other classes of substance to 
which the name “quinhydrone” has also been applied in the past, and 
Avhich will be designated below as qumi-quinhydrones. 

The quinhydrones proper have been carefully studied in recent years,*^® 
and, as a result, a great deal is at present known about them. It is now 
recognized that perhaps the majority of them are not actually addition 
compounds. For definiteness, as well as for simplicity, the following 
discussion will deal with the simplest representative, V, although, as a 
matter of fact, not all the details of the complex behavior described have 
actually been observed with this one substance. 

®®The following discussion of the quinhydrones proper is based upon L, Michaelis, 
Chem. Revs. 16, 243 (1935); L. Michaelis and M. P. Schul)ert, ibid. 22, 437 (1938); and 
numerous further papers by Michaelis and coworkei s in Journal of the American Chemical 
Society. 
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When an equimolecular mixture of p-benzoquinone, I, and its hydro- 
quinone, IV, is dissolved in water or alcohol, there is set up a complex 
equilibrium, which is made even more complex still by the fact that 
several of the substances present are weak acids and therefore ionize to 
a greater or less extent. The equilibrium in question is the one shown 
in the set of equations 2*20. The substance VII, listed at the top of the 



central column, is called a semiqumonc; it is a free radical containing 
either univalent oxygen or trivalent carbon. The ion X, formed from 

VII by the loss of a proton, is likewise a free radical. (For further de¬ 
tails regarding the stnictures of the semiquinones and of the ions de¬ 
rived from them, see pages 725 f., 738.) The substance VIII, listed at the 
top of the right-hand column, is called the dimer, or the dimeric form, of 
the semiquinone. Only this dimer, or the anion XI derived from it, 
could with much right be referred to as an addition compound. Neither 

VIII nor XI is a free radical. In the following paragraphs, the word 
^'quinhydrone^^ will be used somewhat loosely to mean the complete 
equilibrium mixture, regardless of its exact composition. 

The relative proportions of the several substances present in the solu¬ 
tion of a quinhydrone vary tremendously with the concentration of the 
solution, with its acidity or alkalinity, and with the nature of the par- 
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ticular quinone-hydroquinone pair that is involved. The following gen¬ 
eralizations, however, have been established. In acid or neutral solu¬ 
tion, the organic solute exists almost entirely, of course, in its un¬ 
ionized forms, so that the only substances which can be present in sig¬ 
nificant amount are those in the top row of equation 2-20. Under these 
circumstances, the (Kpiilibrium depicted in this row is often so nearly 
completely to the left that the quinhydrone may be described as merely 
an equimolecular mixture of the quinone I and hydroquinone IV; only 
traces of either the semiquinone VII or its dimer VIII then exist. In 
some instances, however, appreciable quantities of the dimer may be 
present. In fact, if the total concentration of organic solute is high, so 
that (in accordance with the law of mass action) the association of the 
monomer VII is favored, the dimer VIIl may be the most important 
form; usually, however, this situation is encountered only with those 
semiquinones which are derived from ortho (luinones, like phenanthrene- 
quinone-3-sulfonic acid, XIII. With the S63mi(iuinones derived from 
para ciuinones, like p-benzoquinone, I, on the other hand, dimerization 
is ordinarily much less extensive; with the one derived from duro- 
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quinone, XIV, as an extreme example, no dimer at all can be detected. 
The concentration of the neutral monomer VII, unlike that of the dimer 
VIII, is apparently always yery small. 

If the solution of the quinhydrone is made somewhat basic, the equi¬ 
librium constants defining the equilibria among the electrically neutral 
forms I, IV, VII, and VIII may be presumed to remain essentially un¬ 
changed. The overall situation is, however, altered by the fact that 
these neutral substances are, to a greater or less extent, transformed 
into the anions shown in the second row of the equations 2*20. (The 
hydrogen ions are written here only in order that the equations may be 
balanced; in alkaline media, these ions are of course largely removed by 
reaction with the base.) The equilibrium among the anions IX, X, and 
XI (plus the neutral quinone I) is usually much farther to the right than 
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is that between the neutral molecules I, IV, VII, and VIII. The relative 
proportions of the anions X and XI, like those of the corresponding 
neutral substances, VII and VIII, respectively, are of course determined 
by the total concentration of the organic solute and by the identity of 
the parent quinone. 

If now this **somewhat ])asic^’ solution is made still more basic, the 
fraction of the solute that exists in the form of the semiquinone anion X 
is foimd always to in(a*(^ase. In extremely basic solution, in fact, this 
ion may become the most important component of the equilibrium 
mixture. On the other hand, as the solution is made more and more 
basic, the fraction of the solute that exists in the form of the dimer anion 
XI first increases to a maximum value and then decreases until it at last 
becomes negligibly small. Presumably, therefore, the hydroxylic hy¬ 
drogen atom of the ion XI is somewhat acidic, so that it is removed as a 
proton in the most strongly basic solutions. Since no evidence has been 
obtained, however, for the existence of the bivalent anion XV, which 



XV 


might be expected to be thus produced, the conclusion may be drawn 
that this ion is unstable, and that it decomposes into two of the uni¬ 
valent ions X. (For theoretical discussions of the observed effects of the 
basicity upon the several equilibria, see pages 60, 726 f.) 

With the analogous Wurster^s salts, the situation is similar to that just 
described; it is, however, modified by the fact that the various elec¬ 
trically neutral substances taking part in the equilibria are weak bases 
and not weak acids. Consequently, the derived ions arc cations and not 
anions, and they are produced in acidic and not in basic solution. The 
semiquinone is again more stable as an ion than as a neutral molecule; 
hence here it is favored by acidity rather than by alkalinity. (Cf. page 
■ 738.) 

In the solid state the complex equilibria which obtain in solution are 
no longer possible. The solid substance is found to consist sometimes 
of a simple mixture of quinone and hydroquinone (or, with the nitrogen 
compounds, of quinoneimine and phenylenediamine), sometimes of semi¬ 
quinone, and sometimes of dimer (or possibly of some still higher poly- 
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mer). The first of these possibilities is realized with duroquirione, XIV, 
the second with pyocyanine, XVI (of which the semiquinorie is the salt 
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XVII), and the third with p-benzoquinone, I. 

It remains to consider the structure of the dimer which, as was noted 
above, is the only one of the various electrically neutral substances 
which can rightfully be calle^d an addition compound. With a quin- 
hydrone derived from a quinone, rather than from a (piinoneimine, this 
dimer might have a peroxidic structure of the type XVIII. However, 
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XVIII XIX XX 

such a structure could hardly account for the intense (jolor of the sub¬ 
stance; consequently, Michaelis has proposed structure XIX or XX, in 
which the two halves of the dimer are held together by hydrogen bonds. 
The distinction between structures XIX and XX is rather slight, and 
there is at present no reliable method of deciding which form is prefer¬ 
able. For geometrical reasons, the two rings must here lie so that each 
is flat against the other. This interpretation then explains why the semi- 
quinone from duroquinone, XIV, forms no dimer; the four methyl groups 
attached to each ring are so bulky that the necessary relative orientation 
of the rings is impossible. With an ortho quinone, like phenanthrene- 
quinone-3-sulfonic acid, XIII, on the other hand, the corresponding 
dimer, represented by either XXI or XXII, could exist with the two 
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aromatic ring systems in the same plane; this possibility may contain 
the explanation of the excei)tional stabilities of such dimers. The uni¬ 
valent dimer anion XI (equation 2*20) contains only one hydroxylic 
hydrogen atom; consequently, it must be held together by only one hy¬ 
drogen bond. Michaelis^s stnictures of the dimeric semiquinones ac¬ 
count also for the fact that the bivalent anion XV dissociates completely 
into the univalent anions X (see above); obviously, the hydrogen bond 
which holds the dimer together is impossible when the hydrogen atom 
which produces it has been removed. Moreover, the dissociation of the 
bivalent dimer anion XV must be favored also by the electrostatic re¬ 
pulsions of the resulting monomer anions X. 

With the nitrogen-containing analogs, such as the Wurster^s salts, the 
situation is somewhat more complicated; apparently, not merely di¬ 
merization but also a more extensive polymerization takes place. The 
individual monomer units can again be considered held together, in the 
dimer or polymer, by hydrogen bonds. Nothing further will be said 
here, however, about these more complex substances, since the problem 
of their constitution is probably not yet completely solved. 

The information at present available in regard to the several further 
classes of addition compound (here grouped together under the heading 
of quasi-quinhydrones) is much less than is that in regard to the above 
quinhydrones proper. The discussion of the quasi-quinhydrones can, 
accordingly, be limited to a listing of the more important types.(Cf., 
however, Sections 2*8 and 2*10.) One class of quasi-quinhydrone, of 
which a number of representatives have been reported, consists of the so- 

For further examples, see W. Hiickel, Theoretiache Grundlagen der Organuchen Chemie, 
Akademischo Verlagsgesellschaft, Leipzig, let ed., 1931, 2nd ed., 1934, Volume I, Chapter 
3. 
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called phenoquinones. These substances are composed of one mole of a 
quinone for every two moles of a monohydric phenol; the simplest ex¬ 
ample is the one represented by symbol XXIII. In a second class of 
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quasi-quinhydrones, the hydroxyl groups of the aromatic component are 
alkylated. For example, when p-bcnzoquinone, I, and the dimethyl 
ether, XXIV, of its hydroquinone are melted together, the resulting 
liquid is highly colored, but the quinhydrone, which therefore appears to 
be present in equilibrium with its two components, cannot be obtained 
in solid form. With the more compli(;ated analog represented by sym¬ 
bol XXV, on the other hand, the solid can be obtained. (The positions 
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XXV 

of all the substituents on the two naphthalene rings in the diethoxy 
component have not been established.) A few examples are known in 
which the aromatic component is a hydrocarbon. Included in this class 
are the substances represented by formulas XXVI and XXVII. For 
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none of those quasi-quinhydrones is it now possible to write a structure 
based upon either the simple valence theory or any extension of it. 
(However, see Section 2 * 10 .) 
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2*8 Addition Compounds of Polynitro Compounds. A large 
number of polynitro compounds enter into addition compounds which, 
in at least their superficial aspects, resemble the quinhydrones that have 
just been discussed. That is to say, these addition compounds are highly 
(colored substanc^es that are formed by simple mixing of the two less 
highly colored components, cither in the melted state or in solution in a 
suitable solvent. (Sec Section 2-9.) Of the two components, one 
(namely, the polynitro compound) may be considered to replace the 
quinoid component of the quinhydrones, whereas the second, just as in 
the quinhydrones, is an aromatic substance, often with hydroxyl or 
amino groups as substituents. Indeed, these further addition compounds 
may with (‘.onsiderable reason be said to constitute merely a special type 
of quasi-ciuinhydrone. Of the thousand or so known examples of such 
addition compounds, the substances I-Vl will serve as characteristic; il- 


on 
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lustrations.®'21 n noted that the addition compounds in which 

picric acid takes part are commonly, but erroneously, called “picrates^^* 
thus, compound I is ‘'naphthalene picrate.'^ 
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A number of generalizations regarding the stabilities of the addition 
compounds have been observed. The ability of the nitro component to 
enter into such complexes increases with the number of nitro groups, 
and apparently also with that of halogen atoms, hydroxyl groups, and 
amino groups. On the other hand, it is diminished by methyl substit¬ 
uents. The a})ility of the sec.ond (umiponent to enter into such complexes 
increase's markc^dly with the size of the aromatic ring system, so that, 
although benzene forms (jnly a relatively small number of rather un¬ 
stable adelition e^ompounds, naphthalene forms a larger numbeir e)f more 
stal)le e)ne‘s. This treaid (continues with anthracene', and so on. Morev 
oveu’, methyl substituents in this seconel component increase the sta¬ 
bilities of tlui comjjle'xe\s to siu^h an exteait that evem he'xame'.thylbcnzene 
foims stable ones. Hydroxyl and amino groups act in the same way as 
me'thyl groups, but nitro groups have the opposite effect and decrease 
the* tendency toward the formation of addition compounds. A final gen¬ 
eralization, which is of a different type from the foregoing, is that usually, 
but not al\va3^s (sec' the compound VT), the two components enter into 
the addition compound in a onc'-to-one molecular ratio. 

2*9 The jNecessary Conditions for the Precipitation of an 
Addition ConifK>und from Solution. In each of the two preceding 
sections, the statement has Ix'on made that a certain addition compound 
can 1)0 prepared by crystallization of a mixture of the components from 
a “suitable^’ solv'ent. It will be interesting at this point to consider the 
criteria which determine whc'ther a given solvent is or is not suitable, 
since many solvents are found in practice to be unsuitable. The point 
involved here is that, when a solution of a mixture of the two components 
is mad(^ more c^onc^cntratcd, the identity of the solid phase which first 
separates is determined by the relative solubilities of the components 
and of the addition compound, as well as by the position of the equilib¬ 
rium between the components and the addition compound. In fact, 
only qualitative? i-easoning is r*oquired to show that if, in the solvent used, 
one component is much l(?ss soluble than is cither the other component 
or the addition compound, and if the equilibrium is such that the ad¬ 
dition compound is dissociated to a considerable extent, then the rel¬ 
atively insoluble component, rather than the addition compound, may 
be expected to precipitate first. 

The situation can be treated almost quantitatively in the following 
manner. 22.23 Yot simplicity, the addition compound will be considered 
to be of the one-to-one type and hence to be representable by the symbol 

**0. Dimroth and C. Bamberger, Ann, 438 , 67 (1924). 

N. V. Sidgwick, T. W. J. Taylor, and W. Baker, The Organic Chemistry of Nitrogen^ 
Oxford University Press, Oxford, 1937, pages 261 ff. 
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AB, where A and B are the two components. The equilibrium in ques~ 
tion is then the one shown in equation 2-21. The equilibrium constant 

A + B AB (2*21) 


which applies to the solution, can be expressed in the form given in 
equation 2*22. The numerical value of the constant Ks depends, of 


K, 


[A][b] 


( 2 - 22 ) 


course upon the units in which the concentrations [Al^], etc., are ex¬ 
pressed; in particular, the value obtained when the concentrations are 
given in moles per liter of solution is different from the one obtained when 
they are given instead in grams per 100 g of solvent, and so on. More¬ 
over, even with a given unit of concentration, the value of may be 
expected to vary from one solvent to another. The variation with the 
solvent can, however, be avoided if the equilibrium in the solution is 
compared with that in the vapor phase. The vapor tensions of pure 
AB, A, and B at the temperature of interest may be designated as 
7 >ab°> and respectively; the fact that all these vapor tensions 
may be, and usually are, exceedingly small does not affect the following 
derivation.^ Since a saturated solution of any substance is defined as 
one in equilibrium with the pure solute, the quantities Pkb, and 
Pb must be equal also to the partial pressures of AB, A, and B, respec¬ 
tively, over their saturated solutions; moreover, these equalities must 
be true regardless of the solvent used. Now, if the solubilities of AB, A, 
and B are sufficiently small that Henryks law can be assumed to hold 
for each substance throughout its entire concentration range, then the 
partial pressures pab, Pa, and pb over solutions at concentrations Cab, 
Ca, and Cb moles per liter, respectively, must be those shown in equa¬ 
tions 2-23-2 *25, where >Sab, and aSb are the solubilities, in moles per 
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(2-23) 

Pab = Pab 

'Sab 

Ck 

(2-24) 

Pa “ Pa” • 

Sa 

Cb 

Pb == Pb” • 

Sb 

(2-25) 


**Cf. G. N. Lewis and M. Randall, Thermodynamics^ McGraw-Hill Book Company, 
New York, 1923, page 128. 
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liter, of the indicated substances. These equations must be satisfied, 
within the limits of Henry’s law, no matter what solvent is used. 

The (hirivation of equations 2-23-2-25 is as follows. Tlcnry^s law states that at 
a given temperature the partial pmssure of any volatile solute X is proportional to 
its concentration; thus px is proportional to Cz, and hence equal to kxCxy wh(;rc 
kx is the pr(ij)ortionality constant that applies to the particular solut^j X and solvent 
employed. Moreover, the proportionality constant kx is easily shown to be equal 
to the ratio px^/^Xy since, when the solution is saturated, Cx is equal to Sx, and 
px is equal to It therefore follows that px is equal to (px^/Sx)Cx, or to 

as in equations 2-23-2-25. 

In the strict statement of Henry’s lavr, all concentrations Cx and solubilities Sx 
should be expressed as mole fractions, and not as moles per liter; since, however, 
the solutions now' un(k‘r discussion are required to be rather dilute, th(j mole frac¬ 
tions are so nc^arly proportional to the concentrations in moles per liter that no sig¬ 
nificant error is introduced by the use of the latter units instead of the former. In 
fact, th(^ assumed proportionalities are probably as nearly accurate as is Henry’s 
law' itself. 

The oquilibrium among AB, A, and B (equation 2*21) in the vapor 
phase may be described I)y the equilibrium constant of equation 
2 -20; this constant is, of course, independent of the solvent, since it is 
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defined without reference to any solvent. With the aid of equations 
2 *23-2 *25, equation 2-26 can be put into the equivalent fonns 2-27 and 
2-28. The quantity G appearing on the left side of equation 2-28 is 


Vab^{Cab/Sab) _ pAB^ Cab 
2^"(Ca7«a)-Pb"(CbA^ “ pIW * 


SaSb 

Sab 


(2-27) 


7>aVb^ _ Cab/Sab _ Cab SaSb 
^ ~(Ca/Sa)<Cb/Sb) "* ^ 


frequently called the vanH Hoff’-Dimroth G; its value must be at least ap¬ 
proximately independent of the solvent since it can be expressed ap¬ 
proximately in terms of only Pab^? Pa^, Pb^, and ifv, each of which is it¬ 
self rigorously independent of the solvent. Comparison of equations 
2 • 22 and 2 • 28 shows that (regardless of the solvent) G is equal to the 
equilibrium constant obtained Avhen the concentrations [AB], etc., 
are expressed, not in any of the conventional units hke moles per liter, 
but instead as the ratios Cab/>Sab, etc., of the respective concentrations 
and solubilities. 

The next step in the discussion is to consider the conditions which 
must be satisfied in order that the addition compound AB, rather than 
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either A or B, may precipitate when the solution is made more con- 
c(^ntrated. Clearl^^, if AB precipitates while both A and B remain in 
solution, the equation 2-29 and the inequalities 2-30 and 2-31 must be 
satisfied. By combination of these three expressions with equation 2*28, 
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the further relation 2*32 can be derived. Moreover, if equirnolecular 


a = -M'i > 1 
CxCh 


(2-32) 


quantifies of A and B are fa,ken originally, so fhat the molar concentra¬ 
tions of A and are always equal (ecpiation 2-33), and if also the more 

Ca - (2-33) 

solulde component is designated as A (ine(iuality 2-3 1)? then expression 
2*35 can be derived. In other words, if the solid addition compound AB 
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is to precipitate, the ratio *Sa/aSb of tlie solubility of the more soluble 
component to that of the less soluble component must lie between G and 
1 . If G, which is at least approximately independent of the solvent, is 
less than unity, this condition cannot be satisfied in any solvent, and so 
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the addition compound cannot be obtained-by precipitation from a solu¬ 
tion containing equivalent amounts of the two components. Moreover, 
if G is greater than unity but less than the ratio aSa/>Sb in the particular 
solvent used, then again the addition compound cannot be obtained. 
In either event, the solid phase which actually forms must consist of the 
less soluble component B. It should be obvious that the larger the 
magnitude of (?, the more stable is the addition compound, and the wider 
is the range of solvents which can be used. 

The data of Table 2*2 in regard to anthracene picrate illustrate the 
situation described above. For this addition compound, G has been 

TABLE 2-2 

ApPLr(’ATIO\ OF THE VAN’T HoFF-DiMUOTH RELATION TO ANTIIRAirENE PlCRATE 

IN Several Solvents 22*23 


Solvent 

^^antliraccnc 

picric acid 

picric acid 

*^autliracene 

Solid Phase 
Fanned 

Caihoii t t‘t nichlorido 

7.7 


Picric acid 

Ligroin 

1.84 


Addit ion compound 

Ether 

.... 

2.0 

Addition coin})ound 

Chloroforni 


1.14 

Addition compound 

I']thvl alcohol 


28 

Anthracene 

Water 

.... 

Very large 

Anthracene 


found to have the nearly, but not completely, constant value of 2.1- 
2.47 in the six solvents listed. Clearly, the addition compound can be 
obtained from ligroin, ether, or chloroform as solvent, but not from car¬ 
bon tetrachloride, ethyl alcohol, or water. Moreover, once the addition 
compound has been obtained, it can be decomposed again into its com¬ 
ponents by extrac.tion witli aii}^ of these last three solvents. Similar 
considerations apply eciually well, of course, to all other types of one-to- 
one addition compound, including the above quinhydroncs (both proper 
and quasi). 

2*10 The Forces Aeliiig between the Components of Quasi- 
quinhydrones and Their Analogs. There is at present no completely 
satisfactory theory to account for the forces acting between the com¬ 
ponents either of the quasi-quinhydrones of Section 2-7 or of the further 
apparently analogous addition compounds of Section 2-8. The various 
explanations that have been proposed may be divided into two groups. 
On the one hand, certain authors have assumed the existence of covalent 
bonds between the two components, as, for example, in stiiictures I and 
IL On the other hand, certain other authors have preferred instead to 
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speak of elecitrostatic interactions arising from the polarization of one 
component by the other. (Cf. Section 1 -13.) 

What evidence there is seems, by and large, to support the second of 
these two views. The (piinoid and nitro compounds do indeed j^ossess 
strongly polar groups which could produce the postulated polarizations, 
and the sulistances that can act as the second component are indeed 
highly polarizable. Moreover, the structural (dianges which are ob¬ 
served to increase the stabilities of the addition compounds are just the 
chang(is which would be expected to increase the polar character of the 
one component and the polarizability of the other. Thus, chloraiiil, III, 
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and hexamethylbenzene, IV, form an addition compound, whereas p- 
benzoquinone, V, and benzene, VI, do not; the carbon-chlorine bonds 
make chloranil a more effective polarizing agent than p-benzoquinone, 
and the methyl groups make hexamethylbenzene more polarizable than 
benzene. Further evidenc^e pointing to the same conclusion is provided 
by the great ease with which the addition compounds can be formed and 
decomposed; much slower reactions would be anticipated if the forma¬ 
tion of the addition compounds requires the rupture of some valence 
bonds and the creation of new ones. And finally, the crystal structures 
of a few such addition compounds have been investigated; in general, 
the molecules of the two components are so far apart that no valence 
bonds between them seem possible. 

Nevertheless, there is some evidence which is difficult to reconcile with 
the hypothesis that only polarization forces are involved. For example, 
the addition compound between indene, VII, and dimethyl 4,G,4',6'- 

^ For example, see H. M. Powell, G. Huse, and P. W. Cooke, Chem, Soc, 1943, 163; 
D. H. Saunder, Proc, Roy, Soc, (Ixjndon) A188, 31 (1946); A190, 508 (1947); R. W. James 
and I). H. Saunder, ibid, A190, 518 (1947). 
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tetranitrodiphenate, VIII, is formed from its components at a measur¬ 
able rate.-** Ti'liis fact strongly’- suggests that an activation energy is re- 
(juired, and, conseciuently, that some valence bonds must be broken in 
the process. Moreover, this addition compound reacts only rather 
slowly with bromine, although under comparable (‘onditions indene it¬ 
self adds l^rominc very rapidly to form the dibromide, IX. This further 
observation also suggests that the indene in the complex has undergone 
a more drastic change than a mere polarization b}’^ the nitro compound. 
Finally, it may be mentioned that some complexes of other types, which 
are formed liy unsaturated hydrocarbons, are most simply explainable 
on the assumption that tlicy are held together by vak^nce bonds. An 
example of this sort is given by the platinum compound to which a 
structure like X or XI may perhaps be assigned. (For further discus- 
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sion of this and some similar compounds, see Section 2-5.) The exist¬ 
ence of such substances, of course, does not prove that the complexes 
formed by quinones, nitro compounds, and the like must have analogous 
structures; it does, however, provide analogies. 

In view of the above uncertainties, the quasi-quinhydrones and the 
addition compounds formed by the polynitro compounds must for the 
present be put into the group of substances for which no structures can 
be given. 

2-11 Choleic Acids.^^ A very interesting, and as yet completely 
unexplained, group of addition compounds consists of the so-called 
choleic acids. These substances are formed by the combination of either 

D. L. Hammiok and G. Sixsmith, J. Chem. Soc. 193S, 580. 

For a general discussion of the choleic acids, see L. F. Fiesor, The Chemistry of Natural 
Products Related to Phenanthrene, Reinhold Publishing Corporation, New York, 2nd od., 
1937, pages 120 ff., 368 f. 
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desoxycholic acid, I, or (much less frequently) apocholic acid, II, with 
any of a large number of other substances of various types, inc^luding 



carboxylic acids, esters, alcohols, phenols, ethers, alkaloids, and even 
some hydrocarbons. The resulting addition compounds are occasionally 
of the 1:1 type, but usually they contain 2, 3, 4, 6, or 8 molecules of 
the desoxycholic or apocholic acid for each molecule of the second com¬ 
ponent. In general, the larger a molecule is, the greater is the number of 
desoxycholic or apocholic acid molecules with which it can combine. 
Thus, with desoxycholic acid, formic acid does not give a choleic acid at 
all; acetic acid f(3rms a 1:1 compound; propionic acid forms a 1:3 com¬ 
pound; the normal aliphatic acids with from 4 to 8 carbon atoms per 
molecule form 1:4 compounds; those with from 9 to 14 carbon atoms 
per molecule form 1:0 compounds; and the still higher acids form 1:8 
compounds. Similar trends are observed also in other series of analogous 
substances. 

, The stabilities of the choleic acids vary widely. The one between 
stearic and desoxycholic acids is so stable that it is decomposed only if 
the desoxycholic acid is dehydrated or oxidized or transformed chem¬ 
ically in some other way into a substance that cannot combine with 
stearic acid. On the other hand, some other choleic acids, such as that 
between methylcholanthrene. III, and desoxycholic acid, are largely 
dissociated into their components in solution. In general, the question 
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wh(^t.}i(‘r a giv('n choleic acid can be precipitated from a given solvent is 
governed by factors whi(;h are analogous to those discussed in Section 
2-9 with reference to the (juiiiliydrones and the complexes formed by 
}>olynitro compounds. 

As is implied Vjy their name, the choleic acids retain the acid character 
of the desoxycholic or apocholic acid from which they are derived. That 
is to say, the addition compounds fonn salts without decomposition into 
their components. Since these siilts are often soluble in water, their 
formation provides a method of bringing many types of otherwise in¬ 
soluble substances into solution. Even the fats and the higher aromatic 
hydrocarbons (;an thus be made ^^soluble/^ in water. Since desoxycholic 
acid occurs in bile, the suggestion has been made that the dissolving 
power of bile for fats is due to the formation of choleic acids. This view, 
however, is probably incorrect,since desoxycholic acid is only a minor 
constituent of bile, and since the remaining l)ile acids, which are present 
in greater amount, do not form choleic acids. Moreover, the desoxy¬ 
cholic acid of the bile is not present as such but is in a combined state in 
^vhich it apparently does not form stable choleic acids. 

Nothing is kno^m about the nature of the forces responsible for the 
stability of the choleic acids. Any explanation based upon the creation 
of new covalent bonds in the addition compounds would be difficult in 
view of the wide range of substances that combine with desoxycholic and 
apocholic acids, and in view also of the fact that the other bile acids of 
very similar structure are unable to enter into such complexes. Moreover, 
no reasonable explanation can be based upon a supposed polarization 
of one component by the other. Neither desoxycholic nor apocholic acid 
is characterized either by the presence of especially polar groups or by an 
especially great polarizability; the same is true also of the various types 
of substances which act as the second component. All that can be done 
at present, therefore, is to classify the choleic acids among the addition 
compounds for which no explanation can be given.^® 

For an interesting recent suggestion regarding the constitution of the choleic acids and 
certain other addition compounds, see 11. M. Powell, J, Chem. Soc, 1948, 61. 
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Modem Concepts of Acids and Bases ^ 


3*1 Limitations of the Classical Definitions of Acids and 
Bases. According to the classical definitions, an acid is a substance 
which ionizes to give a hydrogen ion, and a base is a substance Avhich 
ionizes to give a hydroxide ion. The question may be asked why hy¬ 
drogen and hydroxide ions arc thus distinguished from all other cations 
and anions, and why substances which ionize to give, say, sodium ions 
and chloride ions are not similarly grouped into separate classes. The 
answer is simply that the hydrogen and hydroxide ions are the ones 
produced by the self-ionization of the most common solvent, water. As 
long, therefore, as only aqueous solutions arc considered, these two ions 
play unique roles not shared by any others, such as the sodium and 
chloride ions. Consequently, hydrogen and hydroxide ions can profit¬ 
ably be used in the definitions of the two opposed classes of compound, 
acids and bases. In nonaqueous solutions, however, the unique char¬ 
acter of either the hydrogen or the hydroxide ion, or of both, is lost, and 
so the concept of acids and bases, if it is to be retained at all, must be 
expressed in more general terms. 

In the three following sections, three recent generalized treatments 
of acids and bases will be discussed. It is to be especially noted that the 
three resulting viewpoints and the classical one differ from each other 
only in that they are based upon different sets of definitions; they do not 
presuppose different assumptions in regard to the natures of the chemical 
reactions involved, and they do not lead to different predictions in re¬ 
gard to the results of experiments. In other words, they are not, as is 
frequently suggested, different theories. Consequently, there is no ques¬ 
tion of any one of them being more nearly correct than the others. The 
most that can be said is that, for some particular purpose, one of the 
points of view may be most convenient. 

3*2 The Lowry-Br^nsted Definitions of Acids and Bases. 
The most widely adopted of the three above-mentioned attempts to 

^ Cf. W. F. Luder and S. Zuffanti, The Electronic Theory of Adda and Bases, John Wiley 
and Sons, New York, 1946, 

® T. M. Lowry, Chemistry & Industry 42 , 43 (1923); J. N. Br0nsted, Rec, trav, chim, 42 , 
718 (1923); Chem. Reos. 6, 231 (1928). 
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generalize the concept of acids and bases is the one due to Lowry and to 
Br0nsted. According to these authors, the proton must be recognized as 
essentially different from any other cation, since it alone consists of a 
bare nucleus that is not surrounded by any shielding electrons. Indeed, 
the proton is different even from the charged particle which exists in 
solution, and which is commonly known as the hydrogen ion and is 
represented by the symbol 11“^. On account of its minute size, a proton 
can come extremely close to any molecule in its vicinity, and so th(^ 
electrostatic attraction between it and the molecule must be very great. 
(CJf. Section 1-13.) In fact, the attraction must be so great that the 
proton cannot exist completc*Iy free in any solution but must instead be 
combined in some way with some other molecule or ion. 

If the proton is accepted as a unkpie particle, then, even with respect 
to a nonaqueous solution, an acid may be defined as a sul)stance that (!an 
give up a proton. This Lowiy-Brpnsted definition does not differ from 
the classical one in any very important respect, but it alters the view¬ 
point in a wa}^ that will become apparent after the corresponding defini¬ 
tion of a base has been discussed. 

Unlike the proton, the hydroxide ion is in no sense unique, except as 
regards its relationship to water. Its importance in the classical defini¬ 
tion of a base may b(i ascribed to its ability to comlnne with a proton to 
form Avater. As a simple and logical generalization of this idea, Lowry 
and Br0nsted define a base as any substance which can combine with a 
proton to form any product. Since the proton which is thus taken up 
cannot have been initially free but must have been surrendered by a 
molecule of some acid, and, moreover, since this proton could conceivably 
be returned with regeneration of the original acid, the general situation 
can be represented by equation 3*1. According to the Lowry-Br0nsted 

BA + B ^ A + HB (3*1) 

definitions, HA and HB are acids, and A and B are bases. Moreover, 
the base A is said to be conjugate to the acid HA, and vice versa; sim¬ 
ilarly B and HB are also ponjugate to each other. No assumption is here 
made in regard to the charge type of either A or B. In fact, A may have 
any one of the charges • • •, —2, — 1, 0, 1, 2 • • provided, of course, 
only that HA have the corresponding one of the charges • • •, —I, 0, 
1, 2, 3 • • •; similarly, the only restric^tion upon the charges of B and HB 
is that that of B must be algebraically one less than that of I IB. 

A few specific examples will help to make the situation clearer. The 
ionization of hydrogen chloride in aqueous solution may be written as in 
equation 3-2. In this reaction, hydrogen chloride and the hydronium 

HCl + HgO -> H 3 O+ + Cl- (3-2) 
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ion HaO"^ are the acids, whereas water and the chloride ion are the bases. 
Water and the hydronium ion are conjugate base and acid, as are also 
chloride ion and hydrogen chloride. Tf hydrogen chloride is added to 
aqueous ammonia rather than to water, the most important reaction to 
occur is the one shown in equation 3*3. The ammonia here is a stronger 

HCl + NHa NH 4 + + Cr (3-3) 

base than the water which is also present, and so it gc^ts most, of the 
protons. Correspondingly, the ammonium ion is a weaken* acid than tlie 
hydronium ion. As before, the reaction may be considered simply the 
ionization of the hydrogen (chloride, since it is identical in type with that 
of equation 3*2. Classically, however, it would be called a neutraliza¬ 
tion, and its description would require that the further eciuilibrium 3*4 

NH 3 + H 2 O ^ NII 4 + + OH~ (3*4) 

be also taken into account. From the classical vic^wpoiiit, the fact that 
the solution of ammonia is more strongly basic than is pure water is due 
to the increased concentration of hydroxide ion; and the base which is 
neutraliztid by the hydrogen chloride is ammonium hydroxide, as in 
equation 3*5. If equations 3*4 and 3*5 are added, the water and the 

NH 4 + + OH“ + HCl NH 4 + + Cr + H 2 O (3 5) 

hydroxide ion cancel out, and equation 3*3 results. Conseciuently, the 
Lowry-Br 0 nstcd viewpoint is simpler than the classical one, since it leads 
in a single step to the desired answer and does not require that water 
and hydroxide ion be introduced just to be canceled out again. More¬ 
over, if the hydrogen chloride is added to liquid ammonia instead of to 
an aqueous solution of ammonia, then, since no water is present, equa¬ 
tions 3*4 and 3*5 cannot be written. Equation 3*3, however, still de¬ 
scribes the situation. 

The close analogy between e(]uations 3*2 and 3*3 suggests that a solu¬ 
tion of ammonium chloride in licpiid ammonia should bo acidic, just as 
is one of hydronium chloride (i.e., hydrochloric acid) in water. This 
supposition is indeed correct, since anunonium chloride in such a solu¬ 
tion affects indicators, neutralizes bases, and attacks metals in the ways 
characteristic of acids. 

• Even in aqueous solution, ammonium chloride is acidic. Classically, 
this fact is explained as resulting from the reaction 3*0 (i.e., from the 

^44*^ + H 2 O ^ NH 3 + H 3 O+ (3-6) 

hydrolysis of the ammonium ion). From the I^owry-B^nsted point of 
view, however, no such explanation is necessary since the ammonium 
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ion is itself an acid, whereas the chloride ion is too weak a base to exert 
any noticeable effect; the hydrolysis reaction 3-C is then quite incidental 
and merely describes the competition of the two bases, water and am¬ 
monia, for the proton. 

In a similar way the fact that an acpieous solution of sodium acetate 
is basic is explained classically as the result of the hydrolysis of the 
[icetate ion, as in equation 3*7. On the other hand, from the Lowry- 

CHs—C02^ + H 2 O ^ -OO 2 TT + On~ (3-7) 

]ir 0 nsted point of vioAV, it is the result of th(? l^asie character of the 
acetate ion; again the hydrolysis reaction 3*7 is incidental and merely 
describes the competition of the two bases fhere, hydroxide ion and 
acetate ion) for the proton. 

A further way in which the definitions of Lowry and Brpnsted alter 
the classical terminology is with respect to the identity of the acdual 
base that is present under any given set of conditions. Thus, classically, 
sodium hydroxide and ammonium hydroxide are bases, whereas ammonia 
is merely a substan(;e Avhich can redact v'ith water to fom a base. Ac¬ 
cording to Lowry and Br 0 nsted, however, neither sodium hydroxide nor 
ammonium hydroxide is a bavse, whereas ammonia is. In sodium hy¬ 
droxide, the base is the hydroxide ion; th(i sodium ion has nothing to do 
with the acid-base n^actioiis. In aqiu'ous ammonia the hj^droxide ion 
(to the extent that any is present) is a base, as is also the uncombined 
ammonia NH3. In licpiid ammonia, of course, the classical definitions 
are inapplicable, and so the ammonia itself is necessarily the base. 

The Lowry-Br 0 nsted definitions, like the classical ones, permit the 
existence of amphoteric substances, or, in other words, of substances 
which are both acids and bases at the same time. For example, water 
acts as an acid in the reactions of ecjuations 3*4 and 3*7, but as a base 
in those of equations 3*2 and 3*0. Similarly, ammonia, which acts as a 
base in the reactions of equations 3*3, 3*4, and 3*6, acts instead as an 
acid when it loses a proton and becomes the amide ion NH 2 '”. A further 
example is the bicarbonate ion HCOs", which is an acid because it can 
lose a proton to give the carbonate ion but which is also a base 

because it can absorb a proton to give un-ionized carbonic acid H 2 CO 3 . 

C'learly, no substance can be simultaneously a strong acid and a 
strong base. Nevertheless, the fact that a given substance is a weak 
acid does not necessarily imply that it must be a strong base; similarly, 
the fact that a substance is a weak base does not necessarily imply that 
it must be a strong acid. Indeed, a substance can be very weak both as 
an acid and as a base. For example, benzene is an extremely weak acid, 
since it does not lose a proton and become the phenyl anion CeHs" 
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under any ordinary conditions; on the other hand, it is also a very weak 
base, since the reaction of equation 3*8 goes only a very small distance 

HCl + CJie C 6 H 7 + + GI- (3-8) 

to the right (i.c., since hydrogen chloride is only very slightly ionized in 
benzene solution), even tliough the chloride ion is itself only a weak base- 

Although a weak acid is not necessarily a strong base, it must have a 
strong conjugate base. For example, the fact that acetic acid is weaker 
than hydrochloric; acid means that the acetate ion is a stronger base than 
the chloride ion. Moreover, the fact that water is a weaker acid even 
than acetic acid means that the hydroxide ion must be a stronger base 
than the a(;etate ion; and the fact that benzcnie is an extremely weak 
acid means that the phenyl anion is an extremely strong base. In a 
similar way, a weak base must have a strong conjugate acid. For ex¬ 
ample, the fact that water is a weaker base than ammonia means that 
the hydronium ion is a stronger acid than the ammonium ion, and the 
fact that sulfuric acid is a weaker base than even water means that the 
ion [ 113804 ]"^ is a stronger acid than even the hydronium ion. 

A further problem which can conveniently be discussed from the 
Lowiy-Brpnsted vicnvpoint is the leveling effect of solvents upon acid and 
base strengths.^ As is avc'II known, all so-called strong acids appear 
(within the limits of measurement) to be completely ionized in aqueous 
solution and so t o be equally strong. Nevertheless, it would be a most 
extraordinary coincidence if all these acids really do have exactly the 
same strength. The difficulty arises from the fact that the difference 
between two strong acids, even though it may actually be very great, is 
obscured by the leveling efiect of the aqueous solvent. If, as a hypo¬ 
thetical example, the acids HA and HB are, respectively, 99.9900 per 
cent and 99.9999 per cent ionized in solutions of the same concentration, 
the ionization constant of HA is only about J^foo as great as is that of 
HB. Nevertheless, although the two acids thus differ very markedly 
in what may be c;alled their intrinsic strengths, their degrees of dis¬ 
sociation, and hence their ionization constants, cannot be distinguished 
experimentally. In either solution, the only a(;id present in measurable 
amount is the hydronium ion HaO"^; in each solution the concentration 
of this ion is, within experimental uncertainty, the same. 

. Information regarding the relative intrinsic strengths of two strong 
acids can be obtained only from a study of their solutions in a solvent 
in which their ionizations are not so nearly complete. In reactions 3*9 
and 3*10, the water acts as a base in the Lowiy-Brpnsted sense; the fact 

® For further discussion, see L. P. Hammett, Physical Organic Chemistry, McGraw-Hill 
Book Company, New York, 1940, pages 256 f. 
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HA + H 2 O -?=♦ H 3 O+ + A- (3-9) 

IIB + H 2 O H 3 O+ + B- (3 • 10) 

that each reaction goes practically to completion means that water is a 
much stronger base than is either of the ions and B“; or, in other 
words, that HA and IIB are much stronger acids than is the h^^dronium 
ion HaO*^. It is evident, therefore, that the degrees of ionization must 
be less in a solvent which is less basic than wat(;r, or, in other words, 
which has a conjugate acid that is stronger than the hydronium ion.^ 
(However, see the paragraph below in fine print.) IMethyl and ethyl 
alcohol satisfy this requirement; in cither of these solvents, nitric acid 
is only slightly ionized, although most of the remaining common strong 
acids are still completely ionized within the limits of measurement. 
Formic acid is still less basic than the alcohols; in it , even hydrochloric 
acid is a Aveak electrolyte, although sulfuric? acid is still a, strong one. In 
acetone and nitrobenzene, all acids are weak electrolytc?s excerpt per¬ 
chloric acid IICIO 4 , which is in fact the strongest acid known. In this 
way the folloA\diig order of decreasing acid strengths has been estab¬ 
lished: perchloric acid, sulfuric acad, beiizenesulfonic acid, hydrochloric 
acid, nitric acid. Ilydriodic acid is also kno^^'n to be stronger than hy- 
drobromic acid, Avhich in turn is stronger than hydrochloric acid,^ but 
the relation of the first t\A'o acids of this group to those of the foregoing 
group is uncertain. 

If solvents which are more basic than water arc used, the leveling ef¬ 
fect appears Avith still Aveakei* a(!ids. For example, even acetic acid is 
indistinguishable from a strong acid in liquid aimnonia, since its ioniza¬ 
tion (equation 3-11) is then essentially complete. (However, see the 
following paragraph.) 

CH 3 CO 2 H + NII 3 -> NH 4 + + CH 3 CO 2 - (3-11) 

An interesting result of the leveling effect of solvents is that any spec¬ 
ified acid forms the most acidic solution (i.e., the solution Avhich is the 
most effective proton donor) in that solvent in Avhich it is least ionized.^ 
The justification of this someAvhat paradoxical conclusion is that the 
ionization of an acid is really a more or less complete neutralization by 
the basic solvent, and that the extent of this neutralization increases Avith 
the basicity of the solvent and hence also Avith the degree of ionization. 
Thus, a solution of hydrogen chloride in benzene, where the ionization 
is very slight, is more acidic than is one of the same substance in water, 

*L. P. Hammett, J, Am, Chem. Soc, 50, 2666 (1928); Physical Organic Chemistry. 
McGraw-Hill Book Company, New York, 1940, page 261. 

e A. Haiitzsch, Per. 68, 612 (1925). 
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where the ionization is practically complete; for in benzene the acid 
actually present is the un-ionized hydrogen chloride, whereas in water it 
is the weaker hydronium ion. Similarly, acetic acjid forms a more acidic 
solution in water than it does in liquid ammonia, although the ionization 
is much more extensive in the latter solvent. (C^^f. the preceding para¬ 
graph). On this basis, a simple interpretation can be given to such facts 
as the one that the veiy weakly basic ethyl ether is transformed into a 
salt by concentrated sulfuric acid, which is largely un-ionized (cf. page 
42), but not by dilute aqueous sulfuric acid, whi(;h is largely ionized. 
From the classical point of view, this last fact can still be easily ex¬ 
plained, of course, by referencic to the hydrolysis of the salt in the aqueous 
solution. As can readily be verified, the considerations of this para¬ 
graph in no way contradict the rule that, in any one solvent, that acid is 
strongest which is most ionized. 

The discussion in the preceding paragraphs is considerably oversimplified, and 
hence is not entirely correct.'^ Thus, there is fairly conclusive (evidence that the 
irUrinsic base strengths of methyl alcohol and of ethyl alcohol an* not significantly 
less than is that of water. To be sure, Uk; (rontrary statt'iiH^nt that lh(‘s(* alcohols 
are less basic than water may, in a stnist^, be considered merely a des(?ri])tioii of the 
experimental fact that tin* two former solv(*nts are U‘ss able than th(^ latter one to 
accept a proton from an acid like nitric acid. Such a comparison, however, is not 
really legitimatt), since it is implicitly based on the false assumption that base 
strengths are independent of solvent. In other wt)rds, although it may 1 h^ true that 
water in water is more basi(^ than is, for example, t^thyl alcohol in ethyl alcohol^ this 
fact gives little information regarding the relative intrinsic base strengths of the 
two substances. A valid comparison of base strengths (lan be made only when the 
bases that are being compared are, as nt*arly as possibU*, in identical states, and, 
more particularly, when they are sun*ounded by identical nwjdia. There is no evi¬ 
dence that, in a dilute solution of water in ethyl alcohol, the wattir is appreciably 
more basic than the alcohol; conversely, there is no evid(‘iice that, in a dilutee solution 
of ethyl alcohol in water, the alcohol is appreciably less basic than the water. The 
relatively small ionization of nitric acid in pure ethyl alcohol is largely, if not entindy, 
due to the relatively low dielectric constant of this solvent, and to the therefore 
relatively large electrostatic attraction which acts between the cation C 2 H 5 — 0*^112 
and the anion NOs"', (Cf. Section 11-2.) On the other hand, an acid like anilinium 
ion CgHb— is nearly as strong an acid in ethyl alcoholic as in aqueous solution,® 
because its ionization does not require the st^paration of oppositely charged ions. 
Similar considerations apply also, of course, to the discussion below of the leveling 
effect of acidic solvents upon base strengths. 

. Just as all strong acids appear to be equally strong in a sufficiently 
basic solvent, so also all strong bases appear to be equally strong in a 
sufficiently acidic solvent. In aqueous solution, for example, the fact 
that, as has just been discussed, the hydronium ion is the strongest acid 
that can exist is paralleled by the further fact that the hydroxide ion is 


®H. Goldschmidt, Z. phyaik, Chem, 99, 116 (1921). 
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the strongest base that can exist. Consequently, if any base B, which 
has a greater intrinsic strength than the hydroxide ion, is brought into 
contact with water, it will remove a proton from the water in ac^cordance 
with reaction 3 * 12, so that, regardless of what the original base B may 

B + H 2 O BH+ + Oil- (3 -12) 

have been, the onl}^ base present in appreciable amount in the resulting 
solution is tbe hydroxide ion. In general the most familiar bases that 
are strong enough for this leveling effect to be important in aqueous 
solution (aside from the hydroxide ion itself, as provided by substances 
like sodium hydroxide or tetramethylammoiiium hydroxide) are the 
anions of extremely weak acids. The amide ion NH 2 “, the phenyl 
acetylide ion CgHs—('=( -", and tlie triphenylmethide ion (C 6 H 5 ) 3 C-“ 
may be mentioned as examples. Obviously, the base strengths of such 
ions cannot be comjjared in aqueous solution since water is too acidic. 
However, th(^y can l)e compared in such less acidic solvents as liquid 
ammonia or ether. In this Avay, the phenyl acetylide ion is found to be 
the weakest bas(\ the triphenylmethide ion is found to be somewhat 
stronger, and the amide ion is found to be the strongest of the three 
named.^ All are stronger, of course, than hydroxide ion. 

A further important application of the Lowry-Br0nsted terminology 
involves the numerical values of tlie basic ionization constants of amines 
and similar bases. From equation 3*13 the classical ionization constant 

B + IT,0 ^ BH+ + OH- (3 -13) 


Kh of such a base B is seen to have the value given by equation 3*14. 


A 6 


[BII+] fOH^ 

[b] 


(3-14) 


The symbol [B] here represents the sum of the concentrations of both 
the uncombined B and the un-ionized hydrate IHiOH, since, in general, 
these two concentrations cannot be measured separately. With the 
general adoption of the Low'iy-Brpnsted definitions, however, the custom 
has arisen of replacing the classical base constant Ki, by the acid con¬ 
stant Ka of the conjugate acid BII"*“. From equation 3*15, this constant 

BH+ + IT 2 O H 3 O+ (3 • 15) 


is seen to have the form shown in equation 3-16. 

_[B][H30+] 

IBll+J 


(3-](i) 


’’ J. B. Conant and G. W. Wheland,./. Am. Chan. Soc. 64, 1212 (1932); C. A. KraTO and 
R. Rosen, ibid. 47, 2739 (1925). 
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The two constants Ka and of a given base in a given solvent are 
closely related to each other. In fact, the value of either is completely 
determined by that of the other; thus, in acpieous solution, the relation 
between Ka and is the one stated in equation 3-17. It is to be ob- 


[H3O+] [OH-] _ 10 -^^ 


(3-17) 


served that- a strong base with large has a small /v^, whereas a weak 
base with small /v^, has a large 7Ci* 

In place of the constants Ka and K^ themselves, the respective log¬ 
arithmic functions 'pKa and pKi,, defined in equations 3 18 and 3-19, 


pKa = —logiitt 


(3-18) 


p/u - -log7v6 (3-19) 

are now fairly commonly used, llius, a base with TC/, equal to IQ—and 
Ka equal to 10““'^ would have a pK^ of 5 and a pKa of 9. As is shown in 
this example, the pX’s are easier to work with than are the A^^s them¬ 
selves, siiKie they are of more convenient magnitude and do not involve 
the awkward exponents. It should b(^ noted that, on account of the 
minus sign in the defining equations, pKa increases, and pK^ decreases 
as the strength of the base increases. 

3-3 The Lewis Definitions of Acids and Bases. Almost simul¬ 
taneously with Lowry and Brpnsted, G. N. Lewis made an even more 
far-reaching generalization of the acid-base concept. Although it is true 
that the proton, being a bare nucleus, is unique among the kno^vn cat¬ 
ions, this property is not actually used even in the I^owry-Brpnsted 
scheme. The property of the proton Avhich is used is rather that this 
ion is able to form a covalent bond with an atom by sharing two elec¬ 
trons that are both provided by this atom. In this respecjt, the proton is 
by no means unique, since many other atoms and molecules can behave 
similarly. In general, any substance in which at least one atom has 
only an ^^open sextet’' of electrons belongs to this class. For example, 
boron trifiuoride BF3 and aluminum chloride AICI3 are able to form ad¬ 
dition compounds by sharing electrons provided by the second com¬ 
ponent, as was mentioned in Sections 2*3 and 2• 4. Moreover, a number 
•of further substances, such as stannic chloride, SnCU, in which no open 
sextet exists, but in which the octet of electrons about some atom can be 
expanded, are also of the same type. Lewis has proposed that all such 
substances be called acids, and that the further substances which provide 
the pairs of electrons for the new bonds be called bases. 


® G. N. Lewis, Valence and ^e Strudure of Atoms and MoleculeSf Chemical Catalog Com¬ 
pany, New York, 1923, pages 141 £.; J. Franklin InsL 226 , 293 (1938). 
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The above discussion may seem inconsistent with the view expressed earlier on 
pages 18 f. that no significance can be attached to the origin of the two electrons 
which produce a covalent bond. In the earlier S(*cUon, however, the discussion wiis 
conceriK^d with nature of the bond itself after it has been formed; here, it is con- 
ccnied instead with the natures of the two reagents before they have reacted, and 
with the factors which enable these reagents to (;oine together to form a lu^w covalent 
bond. It is tjasily seen that no inconsistency exists. 

Lewises definitions require considerable departure from both the 
classical and the Lowry-Br 0 nsted tenninologies. Thus, hydrogen chlo¬ 
ride is not itself an a(iid; instead the proton which it contains, and which 
it can readily give up, is the acid. Similarly, the hydronium ion also is 
not an acid. On the other hand, boron trifluoride, aluminum chloride, 
stannic chloride, and the like are acids. As with Lowry and Br 0 nsted, 
the hydroxide ion is a base, whereas sodium hydroxide is not. Any sub¬ 
stance which is a base according to Lowry and JBrpnsted is a base also 
according to Lewis, since the ability to react with a proton is a sufficient 
criterion from (uthcr point of view. The converse is not necessarily true, 
however. In order to be a base according to Lowry and Br 0 nsted, a 
substance must react with a 'proton, whereas it may still be a base ac¬ 
cording to Lewis even if it does not react ^^ith a proton, provided that it 
does react with some other acid, such as aluminum chloride, for example. 
Thus, the argon atom is not a base according to Lowry and Br 0 nsted, 
because it does not react with a proton, but it is a weak base according 
to Lewis, because it forms a rather unstable addition compound with the 
acid boron trifluoride.® 

It should be apparent that all the addition compounds of the onium 
type, which were discussed in Sections 2-3 and 2*4, are classified by 
I.(ewis as products of reactions between acids and bases. Thus, the two 
reactions 3 • 20 and 3 • 21 are described in the same tenns. No significance 

NHs + H+ -> NIT 4 + (3-20) 

(CH3)20 + BF 3 -> (CH3)20+—B-F 3 (3-21) 

is attached to the fact that, in the first, the product is an ion that forms 
part of a salt, whereas, in the second, the product is a neutral molecule. 
In each reaction, a base (ammonia or methyl ether, respectively) shares 
two electrons with an acid (the proton or boron trifluoride, respectively). 

The Lewis definitions of acids and bases have not been so widely 
adopted as have those of Lowry and Brpnsted. At the present time, 
however, their popularity is increasing rapidly. Their advantage lies 
not only in the fact that they permit a correlation and systematization 
of a large number of otherwise unrelated data, but also in the further 
fact that the substances which they classify as acids do actually possess 

« H. 8. Booth and K. 8. Willson, J. Am, Chem, Soc, 57, 2273 (1935). 
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most of the usual properties associated with acidity. Thus, in non- 
aqueous solvents, these substances often affect, indicators, catalyze re¬ 
actions, and neutralize bases in the ways characteristic of ordinary acids. 
Examples of such behavior will be inentioncul in later chapters. More¬ 
over, in aquc'ous solution, the siibstaiu^es are acidic even in the classical 
sense of increasing the concentration of hydrogen ion (i.e., of hydro- 
nium ion). For example, an acpieous solution of aluminum chloride is 
strongly acidic. In classical language, this fact is explained as a result 
of hydrolysis; in the language of J^owry and Br0nsted, a more com¬ 
plicated interpretation, based upon the assumed presence of an acid like 
[A1(H20)6] can be given; but, according to Lewis, the acidity of 

the solution is a direct consequence of the acidity of the aluminum 
chloride itsedf, as modified by the basic character of the water. 

3*4 The Solvent Concept of Acids and Bases. Still a third, 
much less widely adopted, generalization of the a(*id-base concept may 
be described here briefly. As has been mentioned, the hydrogen and 
hydroxide ions, which form the ).)asis of the classical definitions of a(ads 


TABLK 3 -1 

Thk Solvent (V>n(’1::i*t of Acids and Bases ® 


Solvent 

Arid 

+ Bns' 
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II2O 

IIi)0+ Bi - 
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2H2O 

NHs 

Nn4+ Br- 

K+ NMj- 

K+ Br- 

2X113 

CallsOH 

C2HiOIl2+ Br- 

0021)5- 

K+ Br- 

2C2H5OII 

SO2 

.SO+-'- 2Br- 

2K I- S0,0 

2(K+ Br-) 

2SO2 

COCI2 

COC1+ AICI4- 

K^- cr 

K+ AICI4- 

C()Cl2 

St<)Cl2 

2(ScOCl)+ SnCU- 

2(K+ C1-) 

2K+ SnCl6= 

2S0OCI2 

SbCla 

Sb+++ 3Br~ 

3(K+ C1-) 

3(K+ Br-) 

8bCl3 


® Adapted from W. F. Luder and S. Zuffanti, The Electronic Theory of Acids and Bases, 
John Wiley and Sons, New York, H^46, page 12. 


and bases, are of special importance because they are, respectively, the 
cation and anion derived from the most common solvent, water. A 
logical generalization of the classical definitions, applicable to both 
aqueous and nonaqueous solutions, is therefore obtained if acids and 
bases are defined as substances which increase the concentrations of the 
cation and anion, respectively, of the solvent. The application of this 
new definition to a few specific examples is shoAvn in Table 3-1, which 
should be self-explanatory. 

10 H. P. Cady and H. M. Elsey, J. Chem. Education, 5, 1426 (1928); W. F. Luder, Chetn., 
Revs. 27, 547 (1940). 
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3*5 Nomenclature of Acids and Bases. When one speaks of 
either an acid or a base, he may have in mind the classical meaning of 
the word, the meaning proposed by Lowry and Brpnsted, the one pro¬ 
posed by Lewis, or the one based upon the solvent concept. This am¬ 
biguity in nomenclature is found in practice to lead to little confusion, 
however, since the four definitions are seldom very widely different, and 
since the context usually makes the meaning sufficiently clear. When¬ 
ever the possibility of a more or less serious misunderstanding exists, 
this danger can be removed by such obvious circumlocutions as “an acid 
(or base) in the classical sense,“a Lowry~Br0nsted acid (or base),^^ or 
“a Lewis acad (or base).’' It may be noted also that the Lowry-Br0nst(d 
a(nds and bases are more freciucntly referred to simply as Br0nsted acids 
and bases, respectively. Moreover, the Lewis acids are commonly called 
cationoid (kationoid ^‘) or electrophilic reagents by many chemists; 
similarly, the Lewis bases are called anionoid,^^ nucleophilic,^^ or electro- 
dotic reagents. 

A further matter of terminology is introduced by the question how 
Aveak an acid or a base must be before it can no longer be called, respec¬ 
tively, an acid or a base. There is, of course, no i)recise answer to this 
question, since there is no sharp separation between, on the one hand, 
acids or bases and, on the other hand, neutral substances. In fact, Avhen 
the Br0nsted definitions are used, eveiy substance which contains hy¬ 
drogen is, in one sense, an acid, since the molecule of any such substance 
is always able, at least in principle, to lose a proton; similarly, every sub¬ 
stance (regardless of its composition or structure) is a base, since its 
molecule must always be able, in principle, to combine with a proton. 
Benzene, for example, was considered in Section 3*2 to be both an acid 
and a base; even argon, Avhich Avas said in Section 3-3 to be not a Br0n- 
sted base, would surely, hoAvever, be able to accept a proton if only a 
suitable proton donor (i.e., a sufficiently strong acid) could be found. 
In an analogous manner, a great many substances Avhich are not now 
ordinarily regarded as LcAvis acids or LeAvis bases can be described as 
exceedingly Aveak LcAvis acids or Lcaaus bases. Only seldom, hoAvever, 
is it necessary to adopt the extremely general point of view that has 
just been outlined. A more satisfactory procedure is instead to use the 
Avords “acid” and “base” only with reference to fairly definitely specified 
chemical reactions. Thus, phenol is a (classical or Brpnsted) acid when 
it is dissolved in Av^ater and when it reacts Avith sodium hydroxide; 

A. Lapworth, Nature 115, 626 (1925); R. Robinson, Outline of an Electrochemical 
{Electronic) Theory of the Course of Organic Reactions, Tho Institute of Chemistry of Groat 
Britain and Ireland, London, 1932. 

C. K. Ingold. J, Chem, Soc. 1983, 1120; Chem, Revs, 15, 225 (1934), 

w N. F. Hall. /. Am. Chem, Soc, 63, 883 (1941). 
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aniline is a (Br0nsted or Lewis) base when it is dissolved in water and 
when it reacts Avith hydrogen chloride; benzene is a (Br0nsted or Lewis) 
base when it combines with a proton that is formed by the ionization of 
hydrogen chloride (equation 3-8); and so on. On the other hand, 
neither phenol nor benzene is cither an acid or a base when the two sub¬ 
stances are merely mixed with one another, since then no chemical re¬ 
action takes place. 



4 . 

Structural Isomerism 


4*1 llic Significance of Structure. The field of isomerism is sub¬ 
divided into structural isomerism and stereoisomerism. With the defini¬ 
tion of the word “isomer^’ given in Section 1 • 18, the distinction between 
these two subdivisions is sharp and unambiguous. Two given isomers 
are always either structural isomers or stereoisomers of each other; they 
arc never both, and never neither. 

Two isomers are said to be structural isomers of each other if they 
dilTer in structure, and to be stereoisomers of each other if they have 
identical structure but differ in configuration.. The meaning of the word 
''configuration” will be discussed later (see Section 5*1 and also Chapter 
G), but that of the word "structure” requires immediate, careful con¬ 
sideration. 

Throughout this book, the structure of any given molecule will be 
considered to consist of a detailed statement of the way in which each 
atom of the molecule is linked (if at all) to each other atom. In prin¬ 
ciple, this statement may take any of several superficially different, but 
equivalent, forms. In practice, however, one of these forms is so much 
more convenient than any of the others that it is the only one which is 
at all commonly used. This favored form is, of course, the familiar one, 
in which each covalent bond is represented by a (usually) straight line 
drawn between the chemical symbols for the atoms joined, or else, in the 
scvcalled electronic structures, by a pair of dots. It should be noted, 
however, that an ionic bond, even though it may act between two single 
atoms, is usually not similarly represented by a line, since the presence 
of the plus and minus signs indicating the ionic charges is sufficient to 
show the existence of such a bond. 

Diagrams I and IT are here sufficient to illustrate this most important 
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method of representing structures. These diagrams are obviously not 
equivalent since they differ in the ways in whic;h the atoms are linked. 
Consequently, the existence of the two structurally isomeric substances, 
acetaldehyde and ethylene oxide, with the molecular formula C2II4O, is 
accounted for. 

The conventional diagrams of the foregoing type suffer from the fact 
that they appear to imply more than they actually do. More partic¬ 
ularly, they appear to have geometrical significance. Diagram I, for 
example, has the two carbon atoms, the oxygen atom, and one of the 
hydrogen atoms on a horizontal straight line, with the oxygen atom at the 
extreme right and the hydrogen atom at the extreme left; similarly, 
diagram II has the oxygen atom below the carbon and hydrogen atoms; 
and so on. It must be emphasized, however, that the structures, as 
distinguished from the diagrams under discussion, have no geometrical 
significance whatever. The geometrical significance which is often as¬ 
signed to suc^h structures really belongs instead to the associated con¬ 
figurations, as will be discussed in greater detail in the following chapters. 
One very familiar consequence of this lack of geometrical significance is 
that, even if diagrams like I and II are moved in the plane in which they 
are written, or if they are bent or distorted in any arbitrary way, they 
still correspond to the same structure. For example, diagrams III and 
IV are not to be distinguished from I; similarly, diagrams V and VI an^ 
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I I 

0=C—C—H 

I 

H 

in 



not to be distinguished from II. Although these examples may seem 
too simple to require special comment, the situation is not always so 
obvious. A more complicated example, which has in fact given rise to 
some confusion in the past, is discussed on pages 108 f. 

The irrelevance of geometrical considerations in the definition of a 
structure can be shown most conclusively by a discussion of some of the 
remaining, less convenient and less familiar, ways in which stmetures 
can be specified. One of these ways consists in giving a purely verbal 
description. Thus, the structure of acetaldehyde (I, III, or IV) can be 
stated in words as the one in which a carbon atom is joined by covalent 
single bonds to three hydrogen atoms and to a second carbon atom, 
which in turn is joined by a covalent single bond to a fourth hydrogen 
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atom and by a covalent double bond to an oxygen atom; similarly, the 
stnicture of ethylene oxide (II, Y, or VI) can be stated as the one in 
which each of two carbon atoms is joined by covalent single bonds to the 
other carbon atom, to a common oxygen atom, and to two hydrogen 
atoms. These descriptions are clearly unique and different, and they 
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A Nonckometrical Statement of the Structure of Acetaldehyde " 
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A Nonoeometrical Statement of the Strik’turk of Ethylene Oxide" 
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" Each number in this tabh; represents the mimlK*r of (*o\'alent bonds linking the atom 
at the left of the row to the atom at the top of the column. 


express exactly the same meanings, no more and no less, that are con¬ 
tained in the respective diagrams I (or III or IV) and II (or V or VI). 
However, they are much too cumbersome to be of practical use. 

A further nongeometrical way of describing the structures of acet¬ 
aldehyde and of ethylene oxide is slightly more illuminating than the 
verbal one; when this method is adopted, the two striu^tures are ex¬ 
pressed as in Tables 4-1 and 4*2, respectively. The numbers in the 
bodies of these tables represent the numbers of covalent bonds between 
the corresponding atoms at the left of the rows and at the tops of the 
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columns. The two tables are easily seen to be different from one an¬ 
other, but to be completely equivalent to the respective conventional 
diagrams and verbal descriptions. 

The foregoing alternative ways of describing structures have not been 
given here with the idea that they would be of practical use, but rather 
with the hope that the^^ would serve to emphasize the fact that struc¬ 
tures, as such, need have no geometrical implications. Since exactly the 
same information Avhich is (iontained in a conventional diagram can be 
given equally well (even though incomparably less conveniently) by an 
obviously nongeometrical verbal description or table, then the diagram, 
in spite of its appearance, must also be actually nongeometrical. In 
other words, all geometrical features of the diagrams which are not con¬ 
tained in either the verbal description or the table must be disregarded 
as of no significance. (Later, when the discussion is of configuration 
rather than of structure, this extreme statement will recpiire some 
modification. See Chapters With this much in the way of ex¬ 

planation and of warning, however, a return may now be made to the 
familiar diagrams, which will be used exclusively hereafter as the only 
practical descriptions of the corresponding structures, and which, in ac¬ 
cordance with common usage, will be called structural formulas or, more 
simply, structures. 

4*2 The Number of Isomer.H.^ A fundamental postulate of the 
structural theory of chemistry is that two molecules Nvhich differ in 
structure must correspond to different substances with different chem¬ 
ical and physical properties. A corollaiy of this postulate is that the 
number of theoretically possible structural isomers which have any given 
molecular formula must be equal to the number of nonequivalent stnic- 
tures that are permitted by the rules of valence. The application of this 
assumption to the calculation of isomer numbers should be too familiar 
to require further comment here. 

The postulated equality of the number of structures and of isomers 
corresponding to each molecular formula is subject to several different 
types of limitation. The ideal situation would be that exactly one sub¬ 
stance exist for each structure which can be drawn; and that, con¬ 
versely, exactly one structure be associated with each substance which 
exists. Four types of exception to this ideal can, however, be visualized, 
and examples of each type have been encountered; first, many structures 
which can be written correspond to no known substance at all; second, 
some structures must be associated with two or more different sub¬ 
stances; third, some substances cannot be described by any structure of 
the usual type; and fourth, some apparently single substances behave 

1 Cf. J. K. Senior, J. Chem. Educatum 12, 409, 465 (1935). 
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as if they possess two or more distinct structures. If the prediction of 
the numbers of isomers is to be considered an essential function of the 
structural theory, these exceptions must be examined in order that their 
extent and significance may be evaluated. 

1. The fact that there are many structures which can be Avritten, but 
for which no corresponding substances are known, is often mercily the 
result of the fact that no chemist has as yet been sufficiently interested, 
or had sufficient time, to prepare samples of all the theoretically possible 
isomers. Even relatively simple molecular formulas may permit enor¬ 
mous numbers of structures; for example, it has been calculated that 
the formula C20H42 permits 366,319 structures and that the formula 
C" 4 oH 82 permits 62,491,178,805,831 structures! Actually, of course, such 
large numbers as especially the second of these are expc'rimentally mean¬ 
ingless, since, even if a sample of each of the substances Avere available, 
it would be impossible experimentally to prove that no tAvo of them Avere 
identical. At present, only about ten or a dozen different substances 
Avith the formula C20H42, and about four AAath the formula C40H82J are 
knoAvn. The most complicated molecular formula for Avhich all possible 
structural isomers haA^^ been prepared is probably 091120? 'vuth alto¬ 
gether thirty-fiA^e nonecpiivalent strucbires. For other formulas, m- 
cornplcte sets of more than one hundred knoAAm isomers arc, hoAAwer, not 
uncommon. The essential point to be brought out here is that, in those 
instances in AAfiich a serious attempt has been made to prepare all the 
possible isomers, and in Avhich the factors discussed beloAV do not make 
success impossible, the theoretical isomer numbers haA^e usually been 
confirmed experimentally. 

The following example will show how enormous the number of theoretically pos¬ 
sible structural isomers may become if only the system is sufficiently complex. A 
hypothetical, relatively simple, protein moU'cule with a molecular weight of approx¬ 
imately 30,000 may be considered to be built up from 300 amino acid residues in 
linear order. Twenty of these amino acid residues may bo supposed to bedong to 
each of 15 different types, so that there are, for example, exactly 20 glycine residues, 
exactly 20 alanine residues, exactly 20 lysine residues, etc. If any two nonequiva¬ 
lent residuc^s are interchanged, a structm*ally isomeric protein molecule is obtained. 
The total numbt^r of isomeric molecules wliich can be thus obtained merely by per- 
muting the amino acid residues is then approximately 5 X 10®^®. A sample consisting 
of only a single molecule (not mole) of each isomer would weigh approximately 
3 X 10^^^ tons and, if it had a density of 1, would occupy a cubic box approximately 
3 X 10®® light years on an edge. Obviously, it would be quite impossible for all 
these isomers to exist. 

In some instances, hoAAwer, attempts to prepare substances with cer¬ 
tain structures have been unsuccessful in spite of repeated and varied 

2 H. R. Henze and C. M. Blair, J, Am. Chem. Soc. 53, 3077 (1931). 
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attempts. For example, all attempts to prepare vinyl alcohol, I, have 

11 Jl 

! I 

H—C—0—11 

I 

led instead to the isomeric acetaldehyde, TT. Apparently, therefore, a 
substance with structure 1 cannot exist or, at any rate, cannot be iso¬ 
lated, Ixicause it undergoes a rapid and spontaneous transformation 
into a different, but isomeric substance. Numerous further examples of 
this same phenomenon are known; their existence has been explained 
by the concept of iautomerismy which will be discAissed in greater detail 
in Chapter 14. In other instances, certain structures that can be written 
on paper correspond to molecules whicdi would be so highly strained 
that they could not be expected to exist. A simple example is repre¬ 
sented by structure Ill (of the unknown cyclopropyiuj); further ex¬ 
amples are discussed in Section 9*5. Finally, certain structures cor¬ 
respond to substances for which at present no mcithod of i)reparation is 
known. Thus, for })erhaps fifty years all attempts to prepare /c?*M)utyI 
ether, IV, for example, led instead to entirely different substances, be- 

(CII:03C-0™(XCIT3)3 

IV 

cause the chemical reactions that were carried out failed to follow the 
desired courses; the products obtained in these reactions were not 
isomeric and hence Avere not tautomeric (see above) with the expected 
ether IV. There is, however, no obvious reason why such a substance 
as this could not be prepared if only a suitable method of preparation 
could be devised; in fact, i^crZ-butyl ether was finally prepared in 1941 ^ 
by the action of silver carbonate upon ^r^-butyl chloride. (This prob¬ 
lem of the nonexistence of predicted isomers is discussed further from a 
different point of view on pages 121 f.) 

2 . The existence of struc^tures which must be assigned to two or more 
different substances has made necessary a fundamental extension and 
broadening of the structural theory. The nature of the developments 
prising from this cause is discussed in considerable detail in Chapters 
5-^8, which deal with the phenomenon of stereoisomerism, 

3. For some substances which exist, no structures of the classical type 
can be written. In nearly all instances, however, such substances have 
been brought successfully into the structural scheme by suitable ex- 

’ J. L. E. Erickson and W. 11. Ashton, J, Am. Chem. Soc. 63, 1769 (1941). 
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tensions of the theory. Several such extensions have already been men¬ 
tioned in the previous chapters in which tlui natures of the coordinate 
bond, of the hydrogen bond, and of the onium compounds were dis¬ 
cussed. Moreover, the existeii(*.e of still othe^r tyi)es of substance has 
reciuired the recognition of variations in valence. For example, it is now 
an accepted fact that carbon, although it is (luadrivaleiit in most of its 
compounds, is occasionally trivalent (s(;c (Chapter 15) and that many 
other elements also have greater or less tendencies to display similarly 
variable valences. Witli the aid of this extension of the structural 
theory, a large number of substances, to which structures could not 
otherwise have been assigned, can be taken care of without difficulty. 
Finally, the theory of resonance (sec C^hapter 10) has served to clear up 
most of the remaining difficulties by introducing a more gcnciralized con¬ 
cept of structure. Although there are still many substances to which no 
structures have as yet been definitely assigned, there are now very few 
(if any) which seem to lie completely outside the structural scheme. 

It is perhaps not impossible that the existence of such substances as the boron 
hydrides (of. footnote r of Table 1-1, page 4) and aluminum iiK^hyl Al 2 (Cll 3)6 
may ultimately requini that, tlui structural th(‘oi*y bi‘ t‘xt(MKl(‘d still further in some 
as yet undetermined direction. Thus, the two “obvious” structures V and VI for 
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diborane and aluminum nu'lhyl, n'spt'ctively, are impossible bt^cause each contains 
t wo more electrons than do(\s the molecule which it is designed to repriiscmt, and 
b('caus(i each therefore cornisponds actually to a bivalent anion In these sub¬ 
stances, th(i average? numlx?rs of valence electrons ])er bond are less than two, even 
though, in general, every (!()vaU?nt bond is supposed to require a complete pair of 
(electrons. One of the earliest proposi?d explanations of these anomalous compounds 
Wiis that ea(!h contains a number of “one-t?lectron bonds,” r(\suUing from the sharing 
of only one electron, rather than of the customary two electrons, by the atoms con¬ 
cerned.^ An altt?rnative (explanation, which now s(‘(nns almost definiUily established, 
suggests that the structure of diborane, for examph?, cannot be expressted by any 
uniejue symbol of tlui classical tyixe, but must instead be described as inU^rinediate 
among several different stmetures, of which VII, VIII, and IX ai’e perhaps the 
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^ Cf. N. V. 8idgwick, The Klectronic The<yry of Valru^y, Oxford University Press, Oxford, 
1927, imgc 103; L. Pauling, J, Am, Chem. Soc, 53, 3225 (1931). 
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most important.® (Of. Chapter 10.) If neither of these proposals should prove to 
be satisfactory, then (as suggested above) some still more drastic modification of 
the structural theory may be necessary. In any event, however, substances of the 
type hero fliscussed are very un(Jommon and, moreover, mostly inorganic; exmse- 
quently, although their existence should certainly be recognized, they will not be 
encountered again in this book. 


4. The existence of apparently single substances which act as if they 
have two or more structures has given rise to the concept of tautom-* 
erism. (Cf. paragraph 1, above, and also Chapter 14.) In some in¬ 
stances, however, the interpretation of such substances involves the 
idea of resonance instead. (Cf. paragraph 3, above, and also Chapter 
10.) In any event, the modern structural theory, with the aid of its 
various extensions, is able without difficulty to accommodate nearly (if 
not quite) all the anomalous substances of this last type. 

4*3 Use of Chemical Reactions in the Determination of 
Structure. The structural theory would be of relatively little practical 
value if it permitted only the calculation of the number of isomers, and 
not the assignment of a definite structure to each of the isomers in those 
instances in which more than one structure is possible. So far, however, 
nothing has been said about the experimental methods by which struc¬ 
tures are actually assigned. These methods, although they may vary 
greatly in detail, usually belong t-o one of only three main types, or else 
are combinations of methods belonging to two or perhaps even to all 
three of these types. The first general method to be discussed here is 
the one based upon the study of chemical reactions. The second and 
third methods, which are based, respectively, upon the study of isomer 
numbers and of physical properties, will be taken up later in this chapter. 
(See Sections 4 *4-4-7.) 

One of the first “proofs of stmeture^’ to be given in courses in ele¬ 
mentary organic chemistry is often that for ethyl alcohol. The argu¬ 
ment frequently nins as follows. The molecular formula of ethyl al¬ 
cohol is found, from its analysis and from a determination of its molec¬ 
ular weight, to be 021160. By trial and error, one can easily conviiKje 
himself that there are two and only two structures, namely, I and II, 


H H 

H—C—C—O—H 

I I 

H H 

I 


H H 

I I 

II—(;—o—c—ir 

1 I 

H H 

II 


® Cf. H. C. Longuet-Higgins and R. P. Bell, J. Chem. Soc. 1943, 260; K. S. Pitzer, J. Am. 
Chem, Soc. 67, 1126 (1945); R. S. Mulliken, Chem. Revs. 41, 207 (1947); R. E. Dodd and 
P. L. Robinson, Ann. Repts. Progress Chem. (Chem. Soc. London) 44, 62 (1947). Cf., how¬ 
ever, G. Silbiger and S. H. Bauer, J. Am. Chem. Soc. 70, 116 (1948); J. S. Ka^er, C, M. 
Lucht and D. Harker, ibid. 70, 881 (1948). 
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which correspond to this molecular formula and which satisfy the re¬ 
quirement that the carbon atoms be quadrivalent, that the oxygen atom 
be bivalent, and that the hydrogen atoms be univalent. (The number of 
different possible structures satisfying these conditions can, of course, 
be proved by rigorous mathematical methods, as well as by trial and 
error.) Consequently, the structure of ethyl alcohol must be either I 
or II, and the problem is to decide which one of these is right. This con¬ 
clusion is supported by the fact that there is also known exactly one 
isomeric substance, methyl ether, to which the other of the structures 
I and II must be assigned; consequently, the method of treatment, at 
the very least, correctly predicts the total number of isomers. 

The decision between structures I and II for ethyl alcohol is now made 
on the basis of the chemical reactions of the substance. In the first 
plac.e, although altogether six hydrogen atoms are present in the mole¬ 
cule, only one can be replaced by an active metal like sodium. The in¬ 
ference is then drawn that one hydrogen atom is essentially different 
from the other five. Since this condition is satisfied by structure I but 
not by structure TI, ethyl alcohol can therefore be assigned structure I, 
so that methyl ether must be assigned structure II. Further evidence 
leading to the same conclusion is provided by the reaction which occurs 
between ethyl alcohol and hydrogen chloride, and which leads to ethyl 
chloride C 2 H 5 (-1. For this latter substance, if the chlorine atom is as¬ 
sumed to be univalent, only the one structure III can be drawn to satisfy 

H H 

I I ^ 

II—C—C—Cl 

I I 

H H 

III 

the molecular formula. Consequently, since ethyl chloride must therefore 
have stmeture III, ethyl alcohol must have structure I, inasmuch as 
this structure is much more closely related to III than is II. 

The foregoing arguments are elementary and should be familiar. A 
more careful examination of their various features, however, will prove 
illuminating. First of all, it may be asked why the only structures that 
are considered are the ones in which carbon, oxygen, hydrogen, and 
chlorine are quadrivalent, bivalent, univalent, and univalent, respec¬ 
tively, and why, in particular, such structures as IV are immediately 
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dismissed. Indeed, the more fundamental question may be asked why 
it is supposed that the molecule can be adequately represented by any 
structure whatever. No simple and conclusive answer can be given to 
either of these questions. That is to say, no single experiment, or com¬ 
bination of a small number of experiments, can prove that the valences 
of the atoms must be those supposed, or even that the concept of struc¬ 
ture itself is valid. The justifi(^ation of these aspects of the structural 
theory is rather that they permit a self-consistent, logical, and extremely 
useful interpretation of an enormous number of independent experi¬ 
ments of many different kinds. They do not permit an interpretation 
of all the experiments that can be performed. As has already beem noted 
(see the preceding section), numerous examples of variable valem^e are 
known. Moreover, as has also already been noted (see Chapter 1), the 
electrostatic interactions of the sort in tetramethylammonium nitrate, 
and the still weaker dipole-dipole and van der Waals forces, do not lend 
themselves at all readily to treatment in this manner. Nevertheless, if 
valences are assumed to be constant, and if the simple concept of stnic- 
turc is assumed to be valid, a large part of organic chemistry can be 
interpreted. Consequently, one can, with considerable reason, feel 
justified in employing these assumptions as working liypotheses within 
the field in Avhich they have proved valuable until experience has shown 
them to fail. 

The second part of the argument leading to the assignment of struc¬ 
ture I to ethyl alcohol (and hence of structure II to methyl ether) was 
concerned with the reactions between the alcohol and active metals. 
The fact that only one hydrogen atom is replaceable by such metals does 
indeed suggest, but it by no means proves, that one hydrogen atom is 
structurally different from the others. For example, the same reasoning 
would lead to the certainly fallacious conclusion that the two hydrogen 
atoms in water are nonequivalent, since here too only one is replaceable 
by a metal like sodium. To be sure, sodium oxide Na20, in which both 
hydrogen atoms have been replaced, is known. However, this sub¬ 
stance is not made by the direct action of the metal upon water at 
ordinary temperatures; and there is no assurance that a substance with 
a formula like C 2 ll 40 Na 2 might not also be capable of preparation by 
. some indirect method, or even by a direct one if only the organic sub¬ 
stance could withstand sufficiently high temperatures. The point in¬ 
volved here is that, after one hydrogen atom (or, rather, ion) has been 
replaced, the resulting ethoxide or hydroxide ion, C 2 H 50 ~ or HO"^, re¬ 
spectively, is not the same substance as the original alcohol or water. 
Even if alcohol had two equivalent hydrogen atoms, as water doubtless 
does, the fact that one of them can be replaced by sodium would not re- 
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quire that one of those remaining in the resulting ethoxide ion must re¬ 
act similarly. The situation is very roughly analogous to that in a di¬ 
basic acid like oxalic acid, V. The fact that the first and second ioniza¬ 
tion constants of this substance are rather widely different (approxi¬ 
mately 6 X and 7 X 10“^, respectively) is no proof whatever that 
the two carboxyl groups are not equivalent; the first ionization constant 
refers to the neutral oxalic acid, V, whereas the second refers to the dif- 

H02C^—(X)2H IIO 2 C—c:02~ 

V VI 

ferent substance, tlie acid oxalate ion, VI. 

If, then, the reaction with sodium does not provide conclusive proof 
of the structure of ethyl alcohol, what about the one with hydrogen 
chloride? Although the argument based upon this latter reaction is 
probably less objectionable than the previous one, it is still not entirely 
conclusive. The reaction of ecjuation 4-1 certainly looks much more 

H II IT H 

II II 

H—c—c—o—n + nci ii—c;—c—(T + 1 I 2 O (4-i) 

H H H H 

reasonable than does the one of equation 4-2; there is, however, no 

II H II II 

II II 

H—c—H + HCi II—c::—c—(;i + 1 I 2 O (4-2) 

II II 

H II II II 

rigorous proof that the latter reaction is impossible or that the former 
must be the one which takes place. The justification for the belief that 
equation 4 • 1 is correct and that equation 4 • 2 is incorrect is merely that 
reaction 4 • 1 requires much the less drastic structural change. Indeed, 
the validity of what may be called the 'principle of minimu'm stmctural 
change must be assumed before any conclusion regarding the structure 
of ethyl alcohol can be drawn from its reaction with hydrogen chloride 
(or, for that matter, with any other reagent). This principle seems so 
obvious, a priori^ that the essential role which it plays in proofs of struc¬ 
ture is usually not even realized. Nevertheless, in spite of its apparent 
obviousness, it is not always valid. The frequent occurrence of moZec- 
ular rearrangeTnents^ in fact, shows that the actual courses of reactions 
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cannot be safely predicted on the basis of relative inherent reasonable¬ 
ness. Numerous examples of such rearrangements will be given later, 
especially in Chapters 12 and 13; it will be sufficient here to mention, as 
two specific examples, that the action of hydrogen chloride upon di¬ 
isopropylcarbinol, VII, does not give the expected 3-chloro-2,4-dimethyl- 

(CH3)2CH—CHOH—€H(CIl3)2 (CH3)2CH—CHC1—CH ( 0113)2 

VII VIII 


(CH3)2CC1—CII2— 011 ( 0113)2 

IX 

pentane, VIII, but instead 2-chloro-2,4>dimcthylpentane, IX; ® and 
that the dehydrohalogenation of isobornyl (chloride, X, does not give the 
expected bomylene, XI, but instead camphene, XII. In view of the 
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more or less drastic stnictural changes which occur in these, and in 
numerous other, reactions, the fact that ethyl alcohol gives ethyl chlo¬ 
ride, of definite stnicture, cannot be considered conclusive proof of the 
structure of the alcohol. 

In spite of the occurrence of molecular rearrangements, however, the 
study of the chemical reactions which substances undergo has in practice 
provided a convenient method for the determination of their structures. 
Although, as in the reaction between ethyl alcohol and hydrogen chlo¬ 
ride, the possibility of a molecular rearrangement prevents the assign¬ 
ment of a definite structure to any substance on the basis of a single re¬ 
action, reliable conclusions can usually be reached, nevertheless, from a 
study of a number of related reactions. The aim of such a study is to 
obtain a self-consistent picture of the whole series of reactions and, in 
particular, to determine in which ones the rearrangements, if any, occur. 
For example, as was noted above, the dehydrohalogenation of isobornyl 

•F. C, Whitmore and F. Johnston, J, Am, 60, 2265 (1938). 
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chloride, X, might be expected to give bomylene, XL If the reaction 
followed that course, the ozonolysis of the resulting hydrocarbon would 
be expected to give a mixture of camphoric dialdehyde, XIII, and its 
various oxidation products. Actually, however, the ozonolysis gives in¬ 
stead formaldehyde, camphenilone, XIV, its oxidation product 5-hy- 
droxycamphenilonic acid, XV, and the lactone of this hydroxy acid. 


CTI, 
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CH 

XV 


These products are the ones to be expected from camphene, XII. 
Clearly, therefore, a rearrangciment must have occurred either in the 
dehydrohalogenation or in the ozonolysis (or in both). Experience with 
a large number of similar reactions has shown that the best self-con¬ 
sistent interpretation of the field as a w^hole is obtained if the assumption 
is made that rearrangements occur often in dehydrohalogenations like 
that of isobornyl chloride, but seldom, if ever, in ozonolyses. Conse¬ 
quently, the inference is drawn that here the rearrangement occurs in the 
dehydrohalogenation. 

Similarly, in the original problem of the structure of ethyl alcohol, 
experience has sho^vn that the simplest interpretation of all the pertinent 
facts is obtained if rearrangements of the particular sort depicted in 
equation 4*2 are considered to be impossible or, at any rate, extremely 
rare. Consequently, the inference may be drawm that equation 4 • 1 is 
correct and hence that ethyl alcohol has the structure I. The more de¬ 
tailed analysis of the problem therefore suggests that, at any rate in this 
one instance, the simple intuitive approach is justified. 

A further general method of employing chemical reactions in the de¬ 
termination of structure can be based upon a study of the reactions by 
which the substance in question is formed, rather than upon a stud}'' of 
the ones which it can be induced to undergo. This method, like the 
preceding one, involves the rule of minimum structural change, and so 
it also is subject to the limitations just discussed. Ethyl alcohol and 
methyl ether can again be used as examples. Thus, ethyl alcohol re¬ 
sults from the action of dilute aqueous bases upon ethyl iodide (equa¬ 
tion 4*3), whereas methyl ether results from the action of concentrated 
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C 2 H 5 I + NaOH -> CaHaO + Nal (4-3) 

ethyl ethyl 

iodide alcohol 


sulfuric acid upon methyl alcohol (equation 4 - 4 ). Since the structure 


2CH4O + H2SO4 CzHcO + 112804-1120 ( 4 - 4 ) 

methyl methyl 

alcohol ether 


of ethyl iodide is definitely known to be XVI, and sinee the molecular 


n 11 

1 1 

n 

1 1 

H—C—C—I 

H-C—0—H 

1 

H H 

1 

H 

XVI 

XVII 


formula of methyl alcohol CH 4 O permits only the single structure XVTT, 
the principle of minimum structural change again leads to the con¬ 
clusion that ethyl alcohol must have structure I and methyl ether must 
have structure II. 

A final method of determining structure ^vith thi^ aid of chemical re¬ 
actions makes no explicit use of the principle of minimum structural 
change; it is bascxl upon a comparison of the reactions of the substances 
of unknown structure with those of other substances of known structure. 
Thus, ethyl alcohol and methyl alcohol resemble each other closcdy in 
their chemical properties, whereas methyl ether behaves quite differ¬ 
ently toward most reagents. In particular, the two alcohols redact with 
metallic sodium to give alkoxides, and with acid chlorides to give esters, 
whereas methyl ether is inert toward each of these reagents. Conse¬ 
quently, the structures of ethyl alcohol and of methyl alcohol may be 
presumed to be similar to each other. Since that of methyl alcohol is 
necessarily XVII, that of ethyl alcohol must therefore be I. Moreover, 
the remaining structure II must belong to the remaining substance, 
methyl ether. The assignment of structures is thus the same as by the 
preceding methods. 

• In the ways illustrated above with simple examples, chemical reac¬ 
tions can be used for the determination of structure. From the emphasis 
placed upon the difficulties caused by molecular rearrangements, in 
which the principle of minimum structural change is violated, the im¬ 
pression may'have been given that these difficulties present greater 
obstacles than they actually do. In practice, the field of rearrangements 
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has now been so carefully explored that one can usually be fairly sure in 
advance when a rearrangement is likely to occur, and when the possible 
occurrence of a rearrangement can be safely ignored. Fortunately, most 
reactions belong to the latter category. This question Avill be dealt ^vith 
later in much greater detail. (See C-hapters 12 and 13.) 

In addition to the danger of rearrangements, a further complication 
which sometimes makes more difficult the use of chemical reactions for 
the determination of structure is that it may l)e impossible to predict 
which of two or more competing reactions will a(^tually take place. For 
example, it would take a l:)rave man, or else one well acquainted with the 
field, to predict with assurance whether the oxidation of nitromesitylcne, 
XVIII, would give the monocarboxylic acid XIX or its isomer XX. 


NO2 NO2 NO2 



CH 3 CH 3 CO 2 H 


XVllI XIX XX 

Uonseciuently this nuiction would hardly bo a suitable one for the de¬ 
termination of the stnu^ture of the acid which is formed. (The acid that 
is obtaiiK^l in larger amount is the one with structure XX.) 

In extreme cases, reactions may follow entirely unexpected courses, 
without violating the principle of minimum structure change, even 
when it s(»ems as if they ought to be straightforward and unambiguous. 
For example, the action of concentrated aqueous sodium hydroxide upon 
chloral, XXI, might be expected to lead, through hydrolysis of the car- 

CCI 3 —CHO NaOaC—CHO HCCI 3 NaOgCII 

XXI XXII XXIII XXIV 

bon-chlorine bonds, to sodium glyoxylate, XXII, or else to some trans¬ 
formation product of this salt. Actually, however, the reaction results 
in cleavage of the carbon-carbon bond with production of chloroform, 
XXIII, and sodium formate, XXIV. This reaction is most unexpected, 
since ordinarily carbon-carbon bonds are completely unaffected by 
aqueous sodium hydroxide, whereas carbon-chlorine bonds are relatively 
susceptible to hydrolysis by that reagent. Complications of this sort, 
although they could make the determination of structure very difficult, 
are fortunately rather rare and, in any event, can usually be easily de¬ 
tected, when they do occur. Thus, in the hydrolysis of chloral, the oc¬ 
currence of an unexpected reaction could be shown simply by the fact 
that neither of the products obtained has the correct analysis or molec- 
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iilar weight for glyoxylic acid, or by the further fact that the products 
obtained are familiar and easily identifiable substances. However, if 
one knew only the fact that chloroform and sodium formate are formed 
in the reaction, he might have considerable difficulty in correctly de¬ 
ducing the structure of the original chloral. 

4-4 Use of Isomer Numbers in the Determination of Struc¬ 
ture. Of the three main groups of methods employed in the determina¬ 
tion of structure, the second requires a knowledge of the total numbers 
of isomers possessed by the substances under investigation, or of the 
total numbers of isomeric derivatives that can be made from the sub¬ 
stances. Often it requires also a knowledge of the methods of prepara¬ 
tion of these substances, or of their chemical and physical properties. 
Usually the methods of this group, if they are carried through with suf¬ 
ficient care, are considered more reliable than are those based merely 
upon chemical reactions; in practice, however, they are usually much too 
tedious to be convenient. As a matter of fact, they are hardly ever used 
at the present time, although, in the early days of structural organic 
chemistrj^ they \vere sometimes found to provide the only possibhi 
method of making a reliable assignment of structure. Now that the 
structures of a number of reference compounds have been definitely 
established, however, the determination of the structure of any new sub¬ 
stance usually involves only its relation, by a series of chemical reactions, 
to one or more of the reference compounds. Consecjuently, the methods 
here being considered, although of historic.al interest and of great funda¬ 
mental importance, are now seldom of much value to the practicing or¬ 
ganic chemist. 

As a simple example of the use of isomer numbers, the structure of 
ethyl alcohol may again be considered. Corresponding to the molecular 
formula CH 4 O, only a single substance, methyl alcohol, is known; cor¬ 
responding to the formula C 2 H 6 O, two substances, ethyl alcohol and 
methyl ether, are known; and corresponding to the formula CsHgO, three 
substances, n-propyl alcohol, isopropyl alcohol, and methyl ethyl ether, 
are known. Of these six substances, the four designated as alcohols re¬ 
semble each other closely in methods of preparation and in physical and 
chemical properties; similarly, the two designated as ethers also re¬ 
semble each other but are quite different from the four alcohols. The 
inference is therefore drawn that the four alcohols must have closely 
analogous structures, and that the two ethers must likewise have closelj^ 
analogous structures, but that the alcohols and ethers, as groups, must 
have structures which are not so closely analogous. 

For the formulas CH 4 O, C 2 H 6 O, and CsHgO, the six structures I~VI 
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can be drawn. The first four of these resemble each other in hav¬ 
ing hydroxyl groups, and the last two resemble each other in having 
C—O—C' linkages instead. Consequently, the first four structures must 
belong to the four alcohols, and the last two structures must belong to 
the two ethers. Ethyl alcohol, therefore, has structure II. The 
reasoning here is obviously equivalent to that employed earlier on page 
98, the difference between the two treatments being one only of em¬ 
phasis and of generality. 

That this method of approach is self-consistent is shown by a more 
detailed discussion. The single substance CII4O must have a hydroxyl 
group since no structure without one can be draA\m for this molecular 
formula; as expected, this substance does indeed have the properties 
classified as those of an alcohol. Of the two structures for C 2 H 6 O, one 
has a hydroxyl group, whereas the other does not; as expected, one of 
the known isomers has the properties of an alcohol, whereas the other 
has the properties of an ether. Finally, of the three structures for 
CallgO, two have hydroxyl groups, whereas the third docs not; again, as 
expected, two of the known isomers have the properties of alcohols, 
whereas the third has the properties of an ether. 

Arguments analogous to the above can now^ be used to decide which of 
the two propyl alcohols has structure III and which has structure IV. 
For this purpose it must be recognized as an experimental fact that 
marked and characteristic differences in chemical properties exist among 
primary, secondary, and tertiary alcohols. Empirically, it is found that 
the one known alcohol with the formula CH4O is primary; that the one 
known alcohol with the formula C 2 H 6 O is also primary; that, of the two 
alcohols with the formula CgHgO, one is primary and one is secondary; 
and that, of the four stmcturally isomeric alcohols with the formula 
C 4 H 10 O, two are primary, one is secondary, and one is tertiary. Com¬ 
parison of structures I-IV with the further ones VII~X, for the four 
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possible alcohols with formula C 4 H 10 O, shows that these isomer num¬ 
bers require that a primary alcohol be one in which at least two hydrogen 
atoms are joined to the carbon atom which carries the hydroxyl group, 
that a secondary alcohol be one in which only one hydrogen atom is 
joined to the carbon atom in question, and that a tertiary alc^ohol be one 
in which no hydrogen atom is joined to the carbon atom. Consequently, 
7 i-propyl alcohol, being primary, must have structure III; and isopropyl 
alcohol, being secondary, must have structure IV. Similarly, the 
primary n-butyl alcohol must be either VII or VIIT, whereas the also 
primary isobutyl alcohol must be the other; and the sec-butyl and <cr/- 
butyl alcohols must be IX and X, respectively. 

As a further example of a somewhat different type, the structure of 
benzene will now be discussed. From its analysis and molecular weight, 
this substance is known to have the molecular formula Celle. The large 
number of structures which can be dra^^^l in agreement with this formula 
is materially reduced when account is taken of the fact that, for a given 
substituent R, such as chlorine, methyl, carboxyl, or the like, only a 
single monosubstituted derivative CellsR exists. For example, there is 
•only one chlorobenzene CeHsCl, only one toluene Cells—CH 3 , only one 
benzoic acid CeHs—CO 2 H, and so on. This fact shows that all the hy¬ 
drogen atoms are equivalent, so that, no matter which one is replaced by 
the substituent R, the same derivative is obtained. As a corollary, 
therefore, it follows that the structure of benzene must be representable 
as C 4 ( 0113 ) 2 , as 03 ( 0112 ) 3 , or as (CH)6, where the various CH 3 , CII 2 , or 
CH groups, respectively, are equivalent to each other. This conclusion 



Sec. 4*4 Isomer Numbers in Determining Structure 


103 


follows because any other possibility, such as C 3 (CH 3 )(CH 2 )(CH), for 
example, or even such as 03 ( 0112)3 with nonequivalent C"ll 2 groups, 
would have non equivalent hydrogen atoms, so that more than one iso¬ 
meric substance CrJlnR ought to exist. 

For definiteness, the rather vague expression 04 ( 0113)2 can be thought 
of as representing the structure of, say, either the actually known di- 
methylbiacetylene, XI, or the unknowm and highly improbable di¬ 
methyl cy cl obutenyne, XII. Similarly, the expression 03 ( 0112)3 can be 
considered to represent some such stnicture as XIII or XIV; and the 
expression (CH)o can be considered to represent a structure like XV, 
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XVI, or XVII. (In structure XVI, the broken line represents an edge 
of the prism which is behind the figure.) Moreover, the expression 
C 3 (CH 3 )(OH 2 )(OH) can be considered to represent a structure like 
XVIII; and the expression 03 ( 0112)3 with nonequivalent CH 2 groups 
can be considered to represent a structure like XIX. 

A further important fact in regard to the structure of benzene is that, 
for any two given substituents R and S, which may be either the same or 
different, there exist exactly three disubstituted derivatives C 6 H 4 RS. 
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For example, there are three dichlorobenzenes C6H4CI2, three xylenes, 
C6H4(CH3)2, three nitrobenzoic acids C6H4(N02)(C02H), and so on. 
This fact cannot be reconciled with the arrangement 04(0113)2, which 
permits only the two isomers 04(0H3)(0HRS) and 04(0H2R)(0H2S). 
It should be noted that 04(0HRS)(0H3) cannot be different from the 
first of these, and that 04(0H2S)(0H2R) cannot be different from the 
second; if such differences did exist, then the two OPI3 groups would be 
nonequivalent, and hence two monosubstituted derivatives OeHsR 
should exist, contrary to experiment, Oonsequently, the structure of 
benzene cannot be expressed as 04(0113)2. 

The arrangement 03(0110)3 also pennits only two isomeric disubsti- 
tuted derivatives, namely, 03(0H2)2(0RS) and 03(0H2)(0HR)(0HS). 
Here again it is to be noted that any further arrangements, such as 
03(0RS)(0H2)2 and 03(0HS)(0H2)(0HR), add nothing neAv. If the 
arrangement 03(0RS)(0112)2 were not identical Avith O3(0112)2(ORS), 
then 03(01111) (0112)2 would also not be identical AAdth 03(0112)2 (OIIR); 
consequently two isomeric monosubstituted derivatives would then have 
to be possible. Moreover, 03(0HS)(0H2)(0HR) must be identical with 
03(0H2)(0HR.)(0HS), as can be seen most easily from consideration of 
the special case in which R and S represent the same substituent atom 
or group, and in Avhich the observed niunber of isomers is still three. 
Here, the two arrangements become 03(0HR)(0H2)(0HR) and 
03(0H2)(0IIR)2, respectively; these differ only in the choice of the CH2 
group Avhich remains unmodified; therefore, since all three CH2 groups 
are equivalent, the two arrangements must actually be the same. 
Reference to the specific structures XIII and XIV will make clearer the 
significance of these arguments. It therefore follows that the structure 
of benzene cannot be expressed as C3(CH2)3. 

The arguments advanced in the two preceding paragraphs are not entirely con¬ 
clusive since they ignore the possibility that ^fcreoisomerism, as well as structural 
isomerism, might occur. Thus, the fact that neither of the two atomic arrangements 
C 4 (CH 3)2 and 03 ( 0112)3 pennits more than two structurally isomeric disubstituted 
derivatives C 6 H 4 RS is not necessarily inconsistcmt with the observation that three 
different substances with this molecular formula can be obtained; for, since two of 
these substances might be stereoisomers of each other and hence might share a single 
structure (cf. page 90), two structures altogether could conceivably be sufficient 
for the description of the three known compounds. Although the stereochemical 
principles that are necessary for a complete analysis of the problem have not yet 
been discussed (and, in fact, will not be discussed until Chapter 6), some of the con¬ 
clusions which can easily be derived from these principles may nevertheless be stated 
here without proof. If the structure of benzene were describable as € 4 ( 0113 ) 2 , stere- 
oisomeric derivatives C 6 H 4 RS would not be possible when R and S are identical 
substituents; such derivatives would, however, be possible when R and S are dif¬ 
ferent substituents. In the former event, there could exist only the two structural 
isomers that were originally considered; in the latter event, there would be altogether 
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three isomers, of which two would be optically active stereoisomers and, in fact, 
enantiomorphs (sotj Sections 5*9 and 6 * 2 ) of each other, with the same structures, 
C4(CH3)(CHRS). On the other hand, if the structure of benzene were describable 
as 03(0112)3, stereoisomeric derivatives with formula O6H4RS would always exist; 
the total number of structural isomtjrs plus stereoisomers would always be e,t least 
four. These predicted isomer numbers are in definite disagn^ement with the observed 
values. Thus, exactly three dichlorobenzenes C6H4CI2, with two identical substitu¬ 
ents, and exactly three nitrolxmzoic acids, 06ll4(N02)(002lI), w^ith two nonidentical 
substituents, can b() obtained; moreover, in each instances all three forms are optically 
inactive. Since entindy similar situations are encountered w^ith all other sets of 
isomeric benzene derivatives of formula C6II4RS, it is (wident that, even when the 
possibility of stereoisomerism is taken into account, the observed isomer numbers 
(and isomer typ(^s) are sufficient to show that benzene cannot have any structure 
describable as either C4(CH3)2 or €3(0112)3- 

Since both the arrangements 04(0113)2 and 03(0110)3 can therefore 
be excluded, the remaining one, (CH)^, must be correct. Before any 
predictions regarding the number of isomeric disubstituted derivatives 
O6H4RS can be based upon this arrangement, howevtir, the (;omplete 
structure of the benzene molecule must be specified more precisely. The 
three structures XV, XVI, and XVll, al>ove, are the only ones which 
satisfy the usual valence rules. Of these, the Kekul 4 structure, XV,^ 
permits the five different disubstituted derivatives XX-XXIV, of which 
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’ A. Kekulft, BuU. soc. cMm. [2] 8, 98 (1866): Ann. 137, 129 (1866); 168. 77 (1872). 
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XXII and XXIII become identical if R and S represent the same sub¬ 
stituent. Since, therefore, at least four of the structures XX-XXIV 
must always be different, the Kekule structure can apparently be ex¬ 
cluded. 

The Ladenburg j>rism structure, permits only the three stru<*- 

turally isomeric disubstituted derivatives XXV, XXVI, and XXVII. Al- 
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though this structure might tlierefore appear to be in agreement Avith 
the observed numbers of isomers, it can nevertheless be excluded on 
stereo(;hemical grounds. (C'f. the above paragraph in fine print.) Thus, 
structure XXV ought to correspond to two optically active stereo¬ 
isomers if R and S are either the same or different; and structure XXVI 
ought similarly to correspond to two optically active stereoisomer s if R 
and S are different. (Cf. C'hapter 0.) The pi'ediction of altogether five 
isomers when R and S ai'e different, and of altogether four isomers when 
R and S are the same, is, however, contrary to the experimental facts. 
Moreover, no optically active disubstituted benzenes C6H4RS have ever 
been observed, unless, of course, at least one of the substituents R and 
S is itself an optically active group. Finally, the physical methods 
mentioned in Section 4 ■ 7 have shown conclusively that the molecule of 
benzene does not have the shape of a trigonal prism, but instead has 
that of a regular plane hexagon. Consequently, the Ladenburg striic;- 
ture must also be excluded. 


It is of historical interest that th(i Ladenburg structure had been given up before 
thes(^ stereochemical ideas and physical methods wen^ applied to t-hc? problem. Tin? 
reasons for the abandonment of this structure were derived from considerations of 
the chemical reactions of benztme and its derivativi^s. Their nature can be seen 
from the following examplc^s. In the first place,® cyclohexane-1, 2 -dicarboxylic acid, 
XXVIII, obtained by the reduction of the ortho compound, phthalic acid, XXIX, 
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* A. Ladenburg, Ber, 2, 140 (1869). 

» A. Baeycr, Ber, 28, 1272 (1890) ; Ann. 258, 145 (1890). 
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forms an intramolecular anhydride when it is heated (equation 4-5), whereas the 


COsH CO 

1,2-061 r,o' 1 , 2 -C 6 H,„'^ 'O+IIsO 

\ \ x' 

COsH CO 


(4-5) 


1,3-isomer, XXX, obtained by the reduction of the meta comf)Ound, isophthalic 
acid, XXXI, does not. (For the sake of convenience, structures XXVIII-XXXI 
ar(^ given here in their now ac(!ept<‘(l forms.) It app(iars, therefore, that the two 
carboxyl groups are closer to one another in the 1,2- than in the 1,3-diacid, and 
h(‘nc(^ that. th(', ortho positions in the lMniz(‘ne ring are closi;r to one another than are 
th(» mcta posit ions. How(‘V(t, as will be shown in the hist, paragraph of Section 4-5, 
tlui ortho positions in the Ladenburg structure are the ones which are substituted 
in structure XXV, when^as the rneia pt>sit,if)ns arcj the much closer ones which arc 
substituted in structure XXVI. (The argument would have been both simphir and 
more conclusive if it had been based upon the original unreduc(;d j)hthalic acid, 
XXIX, and isophthalic acid, XXXt: the substances actually studied by Baeyer 
were, however, the hydrogc^nated derivatives stated.) In the S(^cond place, Baeyer 
was abU; to show that, when an ortho disubstitiit.(*d benzcme is reducx'd, the result¬ 
ing d(;rivativc of cyclohexane has its two substituents upon adjacent carbon atoms 
of the ring. This fact wouhl be extremely difficult to explain on the bjisis of the 
Ladenburg structure. 

In tlui foregoing discussion, the Ladenburg structure is rcigarded not merely as a 
structure, ])ut also as a configuration, since its prismatic form is considered to be 
significant. The reason for thus anticipating some of the conccjpt.s which are not 
to be elaboratc^d until the following chapters is that, in this way, the equivalence of 
tlui six hydrogen atoms can most easily be brought out. If the structure XVI had 
instead been written in the structurally equivakmt. way, XVIn, the hydrogen atoms 
would af)pear to be of two diffenmt types; if it had been writtcm in the more sym¬ 
metrical, but still stru(!turally equivalent way, XVI6, all the hydrogen atoms would 
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obviously be alike, but the lack of bonds Ijetween adjacent carbon atoms would have 
given the structure a most unusual and unreasonable appearance. In any event, 
of course, the stereochemical and other arguments advanced against the structure in 
the two preceding paragraphs are directed primarily against the geometrical char¬ 
acteristics of the prism form XVI, except for the second one of Baeyer’s, which applies 
to all three forms XVI, XVIo, and XVI6. 

“ A. Baeyer, Ber. 19 , 1797 (1886). 
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If, then, both the Kekul^ and the Ladenburg structures are ruled out, 
only the Claus diagonal structure, XVII,^^ remains. One of the original 
arguments in favor of this structure was that it appears to predict the 
existence of three, and of only three, stnicturally isomeric disubstituted 
derivatives, XXXII, XXXIII, and XXXIV. As was pointed out by 
Ladenburg^- and by Meyer,however, this argument is not valid; 
diagrams XXXII and XXXIV arc not isomeric with each other but are 



xxxn xxxin xxxiv 


actually identical, if they are regarded merely as structures, and if they 
are accordingly considered to have no geometricjal significance. (Cf. 
Section 4 - 1 .) The fact that the atoms are indeed bonded to one another 
in structure XXXII exactly as they are in stnicture XXXIV can be 
proved in the following manner. If the CH group that is diametrically 
opposite the CR group in diagram XXXII is moved up beside the CS 
group, and if, in the process, no changes are made in the ways in which 
the atoms are bonded to one another, diagram XXXII is transformed 
into the superficially different, but structurally identical one, XXXV. 



If, now, the CS group in diagram XXXV is moved to the position dia¬ 
metrically opposite the CR group, and if again no changes are made in 
the ways in which the atoms are bonded to one another, diagram XXXIV 

“ A. Claus, Ber. 15, 1405 (1882); J. prakt, Chem. [2] 37, 465 (1888). 

“A. Ladenburg, Ann. 172, 331 (1874). 

“ R. Meyer, Ber. 15 , 1823 (1882). 
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is obtained. It follows, therefore, that diagrams XXXII and XXXIV 
differ only geometrically (just as do, for example, diagrams II and V of 
Section 4 * 1 ), and hence that they represent the same structure. Con¬ 
sequently, the Claus structure of benzene predicts only two structurally 
isomeric derivatives with formula 06114118, namely, XXXII (which is 
identical with XXXIV) and XXXIII. This defect, however, is not 
sufficient by itself to make the Claus structure untenable, since diagrams 
XXXII and XXXIV might still correspond to two different substances 
that are stereoisomers of each other. (Cf. the above paragraph in fine 
print.) Indeed, if the three diagrams XXXII, XXXIII, and XXXIV 
are considered to have not only structural but also geometrical signifi¬ 
cance and if, in particular, the six carbon atoms in the molecule of 
benzene are considered to lie at the comers of a regular plane hexagon 
(see page 106 ), then diagrams XXXII, XXXIII, and XXXIV are clearly 
different, so that the observed total number of isomers is satisfactorily 
explained. Moreover, this partly structural and partly geometrical in¬ 
terpretation agrees also with the further observation that the three iso¬ 
meric benzene derivatives with formula C6H4RS are never optically 
active unless, of course, at least one of the substituents R and 8 is itself 
optically active. Consequently, the Claus structure cannot be proved 
incorrect by considerations of isomer number alone. (For a more de¬ 
tailed discussion of the stereochemical principles that are presupposed 
here, see, for example. Chapter 6.) 

The Claus structure has, however, several further defects which are 
not concerned with isomer numbers, and which are not so easily dis¬ 
counted. These defects, which will be described on page 388 , are in fact 
so serious that this final structure, like the previously considered Kekul6 
and Ladenburg structures, must also be discarded. 

The discussion up to this point has led to the completely baffling con¬ 
clusion that no one of the several stmetures of benzene, which are per¬ 
mitted by the existence of only a single monosubstituted derivative 
CgHsR, can be correct. Until comparatively recently, however, the 
Kekul 4 stmeture, XV, in spite of its failure to predict the correct num¬ 
ber of isomeric disubstituted derivatives, has been accepted (or, at any 
rate, used) by doubtless the great majority of all organic chemists. The 
difficulty introduced by the nonoccurrence of certain predicted isomers ® 
has been evaded in several different ways. Kekul6 himself suggested 
that an “oscillation,’^ or, in present-day terminology, a rapid tautom- 
erism (see Chapter 14 ), exists between the two forms of his structure, as 
in equation 4 • 6. He thus assumed that any given ortho isomer actually 


A. Kekul6. Ann. 162, 77 (1872). 
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consists of an inseparable mixture of two different substances with struc¬ 
tures XX and XXI (page 105 ), and that any given meta isomer, in which 
the two substituents are diffe^rent, consists of a similar mixture of tlif- 
ferent substances with structures XXII and XXIII. Victor Meyer, 
on the other hand, considered the assumption of oscillation unnet^essary, 
since substances with structures XX and XXI, or with structures XXI 1 
and XXIII, would probably be so similar in all chemical and physical 
properties that they would be inseparable and practically indistinguish¬ 
able. If this view is correct, then there might really exist the predicted 
four or five isomeric disubstituted derivatives after all, even though 
only three of them are recognizably different. 

No attempt will be made in this chapter to pursue any further the 
finer details of the structure of benzene. The Kekul^ structure, when 
interpreted either in the manner suggested by Kekule or in the one sug¬ 
gested by Meyer, and the Cdaus structure, when given the geometrical 
significance proposed above, agree with each other and with the modern 
view, which will be discussed later (see Chapter 10 ), in assigning to the 
benzene ring the symmetry of a regular plane hexagon. That is to say, 
all three interpretations assume that the six carbon atoms are joined to 
each other in a plane ring, that the six h3^drogen atoms are equivalent 
to each other, and that the six carbon-carbon bonds which form the ring 
are experimentally indistinguishable. These characteristics, which an^ 
all that can be established by a study of isomer numbers, are reproduced 
by the simple hexagonal figure XXXVI, which is now used for the repre- 

V 

XXXVI 

sentation of benzene, and which will be employed hereafter. 

V. Meyer, Ann. 156 , 265, 293 (1870). 
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4*5 The Korner Absolute Method. The most familiar use of iso¬ 
mer numbers in the determination of structure is doubtless the one in¬ 
volved in the so-called Korner absolute method for the establishment of 
the orientation of the substituents in derivatives of benzene. In prin¬ 
ciple, this method is simple and straightforward. For example, the 
nitration of o-dibromobenzene, I, could lead to the two isomeric mono-' 


Br 


Br 



/^Br 








Br 


I 


IV 



/\ 

/ 

v 


\ 

Br Br 

Br 

Br 


Br 

I^Br 

f^NOo 

A 


A 

ijxo, [J 

^Br 1 


Br 

OsNl^Br 

NO2 


NO2 


II III 

V 

VI 


vit 


Br 

/\ 


Br 

VIII 


i 

Br 

/\ 


Br 

IX 


iN02 


nitro derivatives II and III; that of ?a-dibromobenzcne, IV, could lead 
to the three mononitro derivatives V, VI, and VII; and that of p-di- 
bromobenzene, VIII, could lead to only the one mononitro derivative 
IX. Similarly, t’lc-tribromobenzene, X, could be obtained by the fur¬ 
ther bromination of either of the two dibromo compounds I and IV; 
?/ns2/m-tribromobenzene, XI, could be obtained from any one of the three 
dibromo compounds I, IV, and VIII; and &'?/m-tribromobenzene, XII, 
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could be obtained from only the one dibromo compound IV. Conse¬ 
quently, the stmctures of the three dibromobenzenes could be estab¬ 
lished by a determination of the number of isomeric mononitro deriv¬ 
atives which each gives, and the structures of the three tribromobenzenes 
could be established by a determination of the number of isomeric di¬ 
bromo compounds from which each can be made. 

In practice, however, the actual application of the Korner method is 
by no means as simple as the foregoing discussion would make it appear 
to be. The difficulty arises from the fac^t that only seldom can all the 
eoiK'eivable isomeric products of a givc'n reaction be obtained in the 
laboratory. For example, from the nitration of o-dibromobenzene, I, 
Korner obtained only the mononitro derivative JTI, but not II; and, 
from the nitration of ?n-dibromobenzen(^, IV, he obtained only the mono¬ 
nitro derivatives V and VI, but not VII. Moreover, he did not study 
the direct hnmination of the dibromobenzenes at all. Obviously, no 
definite conclusions regarding the structures of the di- and tribromo¬ 
benzenes can be drawn from such incomplete data. 

The procedure actually employed by Korner was a very complicated 
one, of which only the steps sho\Mi in Figure 4 • 1 need be mentioned 
here. For definiteness, the various substances are designated in this 
figure by the structures which are now known to be correct; and, through¬ 
out the following discussion, they will be called by the corresponding 
names. It is easily seen that no circular reasoning will be introduced 
thereby, since no direct use will be made of the precise stmeture of any 
substance until it has been proved. 

As was mentioued before, Korner obtained the two nitrodibromobenzencs V and 
VI by the direct nitration of m-dibromobenzene, IV. The third nitrodibromo- 
benzene, VII, which is in principle obtainable from the meta compound, was pre¬ 
pared in an indirect way. p-Nitroaniline, XIII, on bromination, gave the dibroino- 
nitroaniline, XIV. This compound, through its diazonium salt, was deaminated 
to give the nitrodibromobemzene, VII, in question. Comparison of physical prop¬ 
erties showed that this substance was different from any of the four nitrodibromo¬ 
benzencs, III, V, VI, and IX, obtained by direct nitration of the dibromobenzenes. 
Moreover, the fact that it was the missing nitro derivative of the meta dibromo 
compound was sliown by the fact that it could be reduced to the amine, XV, which 
could then b(5 deaminated to the dibromobenzene, IV. As a result of all these reac¬ 
tions, this dibromobenzene was shown to have three mononitro derivatives, namely, 
V, VI, and VII, even though only the first two of these could be obtained directly. 
Consequently, TV could only be the meta isomer. 

The proof of the structures of o- and p-dibromobenzene was more difficult and 
required previous information in regard to the structures of the three tribromo¬ 
benzenes. The unsymAnhvomo compound, XI, was relatively easy to identify, 
since it was made indirectly from each of the three dibromobenzenes, I, IV, and VIII. 

W. Korner, Gazz, cMm, ital. 4 , 305 (1874); Jahreshericht 1876 , 299 ff. 
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Figure 4»1. Korner’s proof of the orientation in the di- and tribromobenzenes.^® 
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As has already been noted, these substanoes, on nitration, gave the mononitro (!om- 
pouiids III, VI, and IX rcsjxietively. The iliree nitro compounds, in turn, were 
nnluced to the corresponding amines, XVI, XVII, and XVIII, respectively, each 
of which, by a diazo reaction, wiis transformed into the same tribromobenzene. 
This tribronio comj)oiind must tln^refon; the unsymmt^t rical one, XI. 

r/c“Tribromobenz(ine was next identified. In the dibromonitroaniline, XIV, the 
two bromim* atoms must be nieta with resjH'ct to each othtT on account of the already 
described relationship of this substance to ^a-dibromoi)eIlzene. (Consequently, XIV 
its(df, as well as any su})stance which can be d(‘rived from it, could in priiKUple be 
obtained from ?w-dibr{)mob(‘nzene. A diazo reaction was us(‘d for th(‘ transfoimation 
of XIV into the nitrotribromob<‘nzene, XIX, which, by nnluction to the amine, XX, 
and then by a diazo reaction, was changed to a tribromoU'nzene, X, that was differ¬ 
ent from tile already identified unsymmetrical one, XI. This n(*w tribronio com¬ 
pound must thendbre be eitluT the vicinal or tlu* symmetri(\‘il isomer. That it was 
actually the vicinal compound, X, was shown by the fact that it could also Ixi d(‘rived 
from a second of the dibromobenzinn's by the following sectuence of reactions. o-JIi- 
bromobenzene, I, on nitration, gave the nitrodibromobenzime, III, which, on trt^at- 
ment with concentrated afjueous ammonia, gave the bromonitroaniline, XXI. In 
XXI the amino group must occupy the same position in the ring that was form(*rly 
occupied by one of the two bromine atoms. For future refennice, this position will 
be d('signat(Mi as position p, and the one (x^cupuxi by the se(‘.ond bromim*- atom will 
be designated as position </. Clearly, p and q arc not mria with respecd to each other, 
siiKH), if th('y were, the original dibromobenzi^ie, 1, would have had to be the vida 
isomer, which has aln'ady been identified as IV. Now, XXI wvls found to give the 
same dibromonitroaniline, XIV, from which the stx’ond tribromobenzene had previ¬ 
ously been obtaiiuMl, Sim^e the tw'o bromine atoms in XIV wim’o known to be ?nrta 
with n'spect to each other, and siiKJC the amino group and one of the bromiiK^ atoms 
w’cre known to be in positions p and c/, respe<!lively, wdiieh W('rc not meta with r(*sp(‘ct 
to each other, it follow('(l that, in the nitrotribromobenzene, XIX, and also in the 
tribromobenzene, X, itself, at least one pair of bromine atoms were not rtida ^^dth 
respect to each other. This condition is satisfied by the vicinal and unsymmctri(*al 
tribromobenzenes, but not by the symmetrical one, XII. Since the unsy mimd rical 
compound had alread}^ lx‘('n id(^ritified as XI, the tribromo compound undf;r discus¬ 
sion must therefore be the vicinal one, X. Moreover, since rfr-tribi’omobenzene 
(!()uld not have been deprived from p-dibrornobenzene, th(^ further eonclusion (ioukl 
be drawn that I must be the ortho compound, so that VIII must be the para com¬ 
pound. And finally, the remaining tribromo compound, XTT, must be the sym¬ 
metrical isomer. In tliis way the structures of all three dibromo- and of all three 
tribromobenzenes were established. 

Almost simultaneously with Komcr, and apparently quite independ¬ 
ently, Griess carried through a much simpler proof of the structures 
of the three phenylenediamines, by a method which was based upon the 
•same principles as was Komer's more tedious proof of structure of the 
di- and tribromobenzenes. Griess managed in indirect ways to obtain 
a sample of each of the six theoretically possible diaminobenzoic acids. 
XXII-XXVII. Each substance, on being strongly heated, lost a mole- 


Griess, Ber. 7 , 1223 (1874). 
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cule of carbon dioxide and was transformed into one of the phenylene- 
diamines, XXVTTT-XXX. Obviously, the ortho, mdn, and para di¬ 
amines were identified as the ones obtained, rcispectively, from two, 
three, and one difh^rent diarnino acid. 
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The remaining discussion of the Krnmer absolute method will be re¬ 
st rict-cd to a jiroof of a statcaiK'iit, made earlier on page 107, in regard to 
th(' identiticatioii of the ortho, meta, and para isomers in the Ladenburg 
structure. From the number of different trisubstituted derivatives oI>- 
tainable in principle from each disubstituted derivative, it is evident 
that, as was stated before, XXXI is the ortho, and XXXIT is the meta 



XXXIV 


XXXV 


XXXYI 


isomer, since the former leads to two, and the latter to three, different 
trisubstituted derivatives. Moreover, it is evident also that XXXIII 
is the para isomer; and that, among the trisubstituted benzenes, XXXIV, 
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XXXV, and XXXVI are the vicinal, unsymmetrical, and symmetrical 
isomers, respectively. (In this discussion, of course, the possibility of 
stereoisomers must be ignored.) 

4*6 Limitations upon the Use of Isomer Numbers for the 
Determination of Structure. As has already been observed in the 
discussion of the Kbrner absolute method, arguments based upon the 
numbers of known isomers may be rendered unreliable, or even quite 
impossible, by the fact that some of the isomers predicted by the struc¬ 
tural theory are, not known. At best, this difficulty ordinarily makes 
such a procedure very tedious; at worst, it may lead to the reac;hing of 
erroneous conclusions. Obviously, gi^eat pains must be taken to ensure 
that the isomer numbers used in such tn^atments are correct. 

In any application of the lunmcr absolute method, this source of un- 
(jertainty is of relatively little importan(;e since, as soon as structure 1 of 

V 

I 

benzene has been accepted, the total number of isomers of any given 
type can he immediately calculated. (k>nse(iuently, it is possible to be 
entirely sure either that all the isomers are known, or else that a certain 
definite number of further ones remain to be found. Before this con¬ 
clusion can be reached, h()wever, stnicture I of benzene must first be 
shown to be correct. The proof of this structure, which was given in 
Section 4 * 4 , was based upon the fact that, for a given substituent R, 
only a single substance CellsR exists, and that, for a given pair of sub¬ 
stituents R and S, exactly three isomeric substances C6H4RS exist. 
Here, there is no a priori way of demonstrating that the one known mono- 
substituted derivative and the three known disubstituted derivatives 
are the only ones possible. The fact that no chemist has as yet dis¬ 
covered any additional isomers is a strong suggestion that no such iso¬ 
mers can exist, but it is by no means a rigorous proof. As far as an^^- 
thing that has been said so far is concerned, it is not impossible that some 
day a second chlorobenzene, for example, or a fourth dibromobenzene 
may be discovered. In such an event, structure I for benzene would 
•have to be given up, and the significance of the whole assignment of 
structures to the ortho, meta, and para and to the vicinal, unsymmetrical, 
and symmetrical isomers would require extensive revision. 

Probably the most nearly conclusive argument that can be advanced 
against the possibility of additional isomers which are at present un¬ 
known is simply that, in spite of the tremendous amount of time and 
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effort which has been expended in the study of aromatic compounds, no 
single example of such an anomalous isomer has as yet been found. How¬ 
ever, in the early days of the theory, before such an enormous store of 
knowledge had been accumulated, this sort of argument carried con¬ 
siderably less weight than it now does. Consequently, a great deal of 
work was carried out with the express purpose of proving that the iso¬ 
mer numbers under discussion were correct. The sequence of reactions 
shown in Figure 4 • 2 , for example, was considered to provide conclusive 
proof that no more than three bromotoluenes, in which the bromine 
atom is not joined to the methyl carbon atom, or more than three 
bromobenzoic acids can exist. It was felt that, if further isomers were 
possible, then the two paths leading to the meta compounds. III and 
IV, or else the two paths leading to the oriho compounds, V and VI, or 
both, would surely have to give non identical products. The argument is 
conclusive, liow(?ver, only if it is known in advance that, in the toluene 



V VI 


from which the starting compound (the bromotoluidine, II) was made, 
the position 0(xuipied by the methyl group is immaterial. In other 
words, the argument presuppost^s that only one toluene is possible, or, 
in more general terms, that all six positions in benzene are equivalent. 

It can be easily shown that the foregoing argument docs indeed require the assump¬ 
tion that all the hydrogt^n atoms in Iwaizene are equivalent. The experimental facts 
contained in the reaction map of Figure 4-2 would be completely consistent with 
the supposition that the structure of benzene is VII, that tliat of the original toluene 

H—C=C—CIl 2 —CIl 2 —C^C—H H—C~C—GIl 2 —CH 2 —C^C—CH 3 

VII VIII 

:^r (IjHg 

IX X 

Wroblowsky, Ann, 192 , 190 (1878). Cf. also A. Lachman, The Spirit of Organic 
Chemistry, The Macmillan Company, New York, 1899, pages 29 ff. 
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Figure 4-2. Wroblowsky’s proof that, with givon substituents R and R, no mon^ 
than three disubstitut^d derivatives C 6 H 4 RS ean exist 
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was VTII, and that that of the broinol.oluidine which was represented in the figure 
as II was ac!tually IX. If structures VII-IX were correct, however, there should 
exist a sc‘-cond “toluene,” X, from which could be derived altogether four bromo- 
toluenes (in no one of which is the bromine atom joined to the mc^thyl carbon atom), 
in addition to th(i three bromotoluenes deriv(;d from the “toluene” VTII. Conscv 
quently, the n^actions under disciussion, by themselves, are insufficient to prove 
conclusively that there may not be as many as sevtui isomeric disubstituted deriva¬ 
tives of benzeiKi with the molecular formula C 6 H 4 HS. 



XY 



Figuub 4*3. Ladenburg\s proof of the equivahmce of the six hydrogen atoms in the 

molecule of benzene.^® 


The required ecpiivalenee (^f the six positions in benzene was con¬ 
sidered to be proved by the further sequence of reactions given in 
Figure 4*3. In the three hydroxybenzoic, acids, XI, XII, and XIII, of 
this figure, the carboxyl groups must occupy equivalent positions, sinc.o, 
Avith each compound, elimination of the hydroxyl group (by treatment 
first with phosphorus pentachloride and then with sodium amalgam) was 
shown to lead to the same benzoic acid, XIV. Since this benzoic acid 
was identical with the one obtained by oxidation of the toluene used in 
the preceding stories of experiments (Figure 4*2), it follows that, even if a 
second benzoic acid could exist, the two positions ortho to the carboxyl 
group of, at any rate, this particular benzoic acid are equivalent to each 
other. Similarly, the two positions which are meta to the carboxyl group 
must also be equivalent to each other. Moreover, the three hydroxy- 

^®A. Ladonburg, Ber, 7 , 1684 (1874). Cf. also A. Lachman, The SpirU of Organic 
Chemistry^ The Macmillan Company, New York, 1899, pages 32 f. 



120 


Structural Isomerism 


Sec. 4*6 


benzoic acids, when heated with lime, were decarboxylated to give the 
same phenol, XV. Consequently, the positions occupied by the hydroxyl 
groups in these hydroxybenzoic acids must be equivalent to each other, 
except with respect to their relationship to the carboxyl group. Since, 
as was shown above, the two positions that are orthoy and also the two 
that are metaj to the carboxyl group are respectively equivalent, the 
further conclusion follows that all the positions in benzene, aside pos¬ 
sibly from the one occupied by the carboxyl group in the various acids, 
arc equivalent to each other. That this sixth position too is equivalent 
to the other five was shown by the transformation of phenol, XV, first 
into bromobenz(n(^, XVI, by the action of phosphorus peutabromide, 
and then into benzoic acid, XIV, by the action of sodium and carbon 
dioxide. Consequently, the proof of the equivalence of all six i)ositions 
in benzene is complete, as is also that of the existence of only three iso¬ 
meric disubstituted derivatives CGll 4 ltS. 

In spite of the apparent rigor of the above arguments, objections can 
still be raised to them, since they implicitly involve the assumption that 
the principle of minimum structural change w’as valid, or, in other w^ords, 
that molecular rearrangements did not o(5Cur. On the basis of Avhat is 
now knowm about the reactions in question, it does indeed seem highly 
probable that no rearrangements did occur in them; at the time the w'ork 
was done, however, there could have been no assurance that such was 
the case. That rearrangements can occur in analogous reactions is shown 
by the fact that the sodium^ salts of the three diffc^i ent bromobenzene- 
sulfonic acids XVII, XVIII, and XIX, on fusion with sodium hydroxide, 


Br 

/^OaH 

V 

XVII 


Br 

Br 

A 

A 


V 


SOall 

XVIll 

XIX 


OH 

A 

IJoH 


give the same disodimn salt of resorcinol, XX. If only this fact were 
known, the completely erroneous conclusion might be drawn that, cor¬ 
responding to the molecular formula C6H4liS, there are three isomers if 
R and S are different, but only one if R and S are the same. Obviously, 
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such a conclusion would reciuire that benzene be assigned a structure 
which is entirely different from the one now accepted. 

The phenomenon of tautomerism, by introducing the possibility of a 
particularly easy molecular rearrangement, may also cause difficulties in 
the detennination of isomer numbers. (Cf. Chapter 14 .) For example, 
acetaldohydci has four hydrogen atoms which can be (indirectly) re- 
plac(id by methyl groups. Structure XXI allows only the two isomeric 


CII3—(’ 11=0 

CII3—CH2--(ni=0 

CII3—C(CIl3)=0 

XXI 

XXII 

XXIII 

(^1I2=0'H—on 

C’Il 3 -Cll= 01 I—( 31 T 

CIl2=(’(CH3)—OH 

XXIV 

XXV 

XXVI 


(;;n2=Cn— 0 —CIT3 



XXVTI 



monomethyl derivatives XX JI and XXTTI, whereas the structure,XXIV, 
allows the three derivatives XXV, XXVI, and XXVTI. Since three 
monomethyl derivatives are kno^\^l, structure XXIV appears to be 
favored. Nevertheless, structure XXI is instead commonly assumed 
correct, and structures XXII, XXllI, and XXVII are assigned to the 
three ^‘derivatives.^^ The fa(*t that the compound XXVII is reallj'' a 
derivative of the tautomeric form, XXIV, and not of ordinary acet¬ 
aldehyde, XXT, is not immediately obvious experimentally but can be 
established only b}^ a careful study of preparative methods and of chem¬ 
ical and physical properties. In general, great care must be exercised 
in the counting of the known isomeric derivatives of a given substance 
lest compounds be included which are not actually derivatives of the 
substance of interest. 

Still a further difficulty which has not infrequently led to erroneous 
reports in the chemical literature Avith respect to isomer numbers results 
from the fact that experimenters are humanly fallible. Many reported 
isomers have been found on more careful study not to be isomers at all, 
but to differ in composition or in molecular weight or in both. Still 
others have been found to be identical with other, already counted iso¬ 
mers, or to be mixtures of kno\Am isomers either with each other or with 
extraneous impurities. The existe^nce of some substances in different 
crystalline forms, and the occurrence of Kstereoisomerism in addition to 
structural isomerism, have also led to errors. All these various factors 
must be kept constantly in mind when structural conclusions are drawn 
from isomer numbers. 

In addition to these complications, which can lead to the apparent 
existence of too great a number of isomers, there are further factors 
which can lead to the apparent existence of too small a number, Fre- 
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quentl}^ there is no known experimental method by which certain sub¬ 
stances, which are predicted by the stnictural theory, can be prepared. 
As examples of such substances, hexanitrobenzene, XXVIll, and tetra- 


NO. 


OoN 

O2N 




iNO. 


NO. 


NO. 


XXVIll 


(ClhhC~C 

c 


(CJhh 

—Cicihh 




XXIX 


^crM)utylmethane, XXIX, may be mentioned. Moreover, c(‘rtain other 
substances may ev(ai lie inca])able of existence or, at any rate, of isola¬ 
tion. For example, structun^ XXX of propylene ajipears to reciiiirc Die 


CH3- 

-CH=CH2 

CIl2R--CII=CH2 


XXX 

XXXI 

CH3- 

-CR^CHa 

CH3—C’H==CHR 

XXXII 

XXXIII 


existence of the thrive isomeric monosubstit uted derivatives XXXI, 
XXXIT, and XXXIJI. However, if the substituent R happens to be 
hydroxyl, only one of these substances can be made, namely, allyl 
alcohol, XXXL The two n^maining structures, XXXI 1 and XXXIII 
(which are identical, respectively, with XXVI and XXV), are those of 
the enol forms of acetone, XXIII, and of propionaldehyde, XXII, re¬ 
spectively; hence they do not correspond to substances that can be 
isolated. (See also above.) On the other hand, if the substituent R is 
instead chlorine, all three isomers can be obtained. As in this exampl(% 
it is not infreciuently true that the apparent number of isomers depc'iids 
upon the identit}^ of some of Die atoms or groups present. In such an 
event, the maximum number of isomers obtained with any choi(‘.e of 
atoms or groups is presumably most significant. Thus, in the above 
example of propylene, the three isomers obtained when the substituent 
is chlorine are significant, whereas the single isomer obtained when the 
substituent is hydroxyl is not significant. (For fuilher discussion of the 
nonexistence of predicted isomers, see pages 89 f.) 

Finally, even if all the foregoing difficulties are avoided, the oliserved 
numbers of isomers may in some instances still not provide sufficient 
information to determine the structures uniquely; in fact, it is sometimes 
found that two or more structures lead to exactly the same set of isomer 
numbers. Such a situation is encountered, for example, with the various 
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substitution products of thiophene, XXXIV; indeed, for no one of these 

I[_C-fJ—II 


H 


c;—H 


\ / 
s 

XXXIV 


(‘ompounds ciin a unique structure be assigned by any method which 
makes use; of only isomer numbers, even if the stnuiture of the parent 



Figure 4*4. A partial proof tliat the structures of the substituted thiophenes cannot 
Ix) uniquely determined by the method of isomer numbers. 


compound, XXXIV, is given at the outset. A partial proof of this state¬ 
ment is contained in Figure 4*4, where 11 and T represent any two sub¬ 
stituents which are different both from each other and from hydrogen 
atoms. The pattern which is here formed by the arrows is seen to re¬ 
main unaltered if it is reflected in a plane mirror that is perpendicular 
to the paper and that passes through the veilical broken line; clearly, 
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therefore, no two structures which occupy mirror-image positions in this 
figure can be distinguished from one another by the method of isomer 
numbers and with the use of only those transformations that are ex¬ 
plicitly represented. Thus, it is impossible in this manner to distinguish 
structure XXXVa from structure XXXV 2 >, structure XLa from struc¬ 
ture XL 5 , and so on for all ten pairs of structures. Moreover, nothing is 
gained if the reaction map is completed by the inclusion in it of the tri- 
substituted derivatives C4HSRTV, in which altogether four different 
atoms or groups H, R, T, and V are joined to the ring; in fact, the re¬ 
sulting figure, although it is too complicated to be profitably given here, 
retains the symmetry of the simpler one. The structures therefore still 
occur in indistinguishable pairs. (For another example, in which con¬ 
figuration as well as structure is involved, see Section G • 4 .) 

4-7 Physical Methods for Determining Structure. The third 
and final method for the determination of structure, Avhich will be dis¬ 
cussed here, involves a study of the physical properties of the substances 
of interest. An adequate description of even a few of these methods 
would, however, lie outside the scope of this book; hence the following 
remarks will be restricted to the listing of the most important methods 
of this type, with a minimum of illustrative examples, and to a brief 
discussion of some features which all such methods have in common. 

Spectroscopic methods have often been found useful for the identifi¬ 
cation of certain groups, such as carbonyl and e thy Ionic. For this pur¬ 
pose, infrared, Raman, visible, and ultraviolet spectra have all found 
their use.^® A further optical method consists in the measurement and 
interpretation of the mole(*Ailar refraction.^^ The study of optical 
activity, although it has been found most useful in the investigation of 
stereoisomerism, has also sometimes been of value in the determination 
of structure, since the knowledge that a given substance is, or is not, 
capable of optical activity may shed considerable light upon its struc¬ 
ture. For example, the fact that a certain substance (seo-butyl alcohol) 
with the molecular formula C4H10O is optically active is sufficient to 
show that this substance has structure I, since no other structure cor- 

CH3—CHOH—CH2—CH3 

I 

J® G. Herzberg, Molecular Spectra and Molecular Structure^ I, Diatomic Mclecvles (trans¬ 
late by J. W. T. Spinks), Prentice-Hall, New York, 1939; Infrared and Raman Spectra 
of Polyatomic Molecules, D. Van Nostrand, New York, 1945; W. West in A. Weissberger, 
Physical Methods of Organic Chemistry, Interscience Publishers, New York, Volume II, 
1946, Chapter XVII. K. W. F. Kohlrausch, Der Smekal-Raman’-Effekt, J. Springer, 
Berlin, 1931, Erg.-Band, 1938; J. H. Hibben, The Raman Effect and Its Chemical AppUca- 
tions, Reinhold Publishing Corporation, New York, 1939. 

^ N. Bauer and K. Fajans in A. Weissberger, Physical Methods of Organic Chemistry, 
Interscienoe Publishers, New York, Volume I, 1946, Chapter XVI. 
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responding to formula C 4 H 10 O and permitting optical activity can be 
written. (Cf. Chapter 6 .) 

Among the nonoptical methods, the use of the parachor has been 
especially important. This property may be described qualitatively as 
a molecular volume that has been corrected to a standard surface tension 
in order that the effect of the intermolecular forces may be equalized to 
the greatest possible extent. The molecular volumes themselves,^ 
measured either at the boiling points of the substances or at some speci¬ 
fied constant temperature, have also been employed. 

Such physical properties as boiling point, melting point, and solu¬ 
bility have occasionally been used in the determination of structure.^^ 
The fact that the boiling point always increases, that the melting point 
often increases, and that the solubility in water always decreases as the 
number of CH 2 groups increases in a homologous series is too familiar 
to require comment. It has already been mentioned (see page 25) that, 
among isomers of closely similar structure, the boiling point decreases 
as the symmetry increases. A further, and often even more striking, 
effect of symmetry is shown by the fact that in general the melting point 
increases markedly with increasing symmetry. These last two rules can 
be illustrated by a comparison of n-octane, II, with its much more sym- 

CH3—CH2—CTI2—CH2—CH2—CH2—CH2—CH3 

II 

(CH3)3C—C(CH3)3 
III 

metrical isomer hexamethylethane. III. The former of these two sub¬ 
stances melts at — 56.6°C and boils at 125.5'^C; the latter melts at 
100.6°C and boils at 106.3°C. Among less closely similar isomers, sev¬ 
eral useful rules are well known. Alcohols boil at higher temperatures 
and are more soluble in water than their isomeric ethers; tertiary al¬ 
cohols or halides boil at lower temperatures and are more soluble than 
their primary isomers. Numerous further rules of this type have been 
established. Such rules have occasionally been of value in determining 
the structures of substances which undergo rearrangement so easily 
that the usual chemical methods are indecisive. For example,^® when 

“ S. Sugden, The Parachor and Valency, G, Koutledge and Sons, London, 1930. 

** S. Smiles, The Relatione between Chemical Constitution and Some Physical Properties, 
Longmans, Green and Co., London, 1910, Chapter IV; W. Hilckel, Theoretische Grand- 
lagen der Organischen Chemie, Akademische Verlagsgesellschaft, Leipzig, Ist cd., 1931, 
2 nd ed., 1936, Volume 2, Chapter 11. 

** For a discussion of such methods, see W. Htickel, Theoretische Orundlagen der Organ¬ 
ischen Chemie, Akademische Verlagsgesellschaft, Leipzig, 1st ed., 1931, 2nd ed., 1935, 
Volume 2, **3 Buoh.’* 

, **L, Claisen, F, Kremers, F, Roth, and E. Tietze, /. prdkt, Chem, [2] 106 , 66 (1922). 
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1 mole of hydrogen bromide is added to 1 mole of isoprene, IV, the re- 


Cil2=C~CH=-CIl2 


CHa 

IV 


(C1Il3)2C—CH=CIl 2 
OH 

V 


(C1T3)2C=-CH—CH2OC2H5 

VI 


suiting organic bromide can be hydrolyzed to the alcohol V of definitely 
known structure. On the other hand, this same bromide reacts with 
sodium ethoxide to give the ether VI, also of definitely known structure, 
(('f. Section 13*2.) The hydrolysis suggests that tlie bromide has struc¬ 
ture VII, whereas the formation of the ether suggests that it has instead 

(CH3)2C—CH=CIl2 

Br (Cir 3 ) 2 C=CH—CIT 2 Br 

VII VIII 

structure VIII. Here, then, is an example in which the principle of 
minimum struc^tural change is obviously violated and in which, there¬ 
fore, the*structure of the bromide cannot be determined by the reactions 
mentioned. A consideration of the boiling points of the various sub¬ 
stances, however, permits a solution of the problem. The bromide in 
question boils at 129°-133°C, whereas the alcohol V boils about 30^^ 
lower at 98°-99°C. In cases in which the structures are not in doubt, 
an alcohol usually boils at least 10 ° higher than does its corresponding 
bromide. Consequently, this bromide can hardly have structure VII, 
but must have structure VIII. Its relatively high boiling point is there¬ 
fore in agreement with the fact that it is primary rather than tertiary. 

Two final physical methods exist by which, in principle, the complete 
structure of a molecule can be determined. These methods are based, 
respectively, upon a study of the diffraction of electrons by the gaseous 
substance and upon the determination of the crystal structure of the 
solid.^^ In practice, these methods are usually limited to relatively 
simple molecules, and they have found their greatest use in providing 
more or less precise information regarding the exact sizes and shapes of 
molecules, the gross structures of which are already known from chem¬ 
ical evidence. However, in a few instances in which the chemical evi- 

^ L. O. Brockway, Rev, Modem Phys. 8 , 231 (1936); L. O, Brockway in A. Weissberger, 
Physical Methods of Organic Chemistry^ Interscience Publishers, New York, Volume I, 
1946, Chapter XV. 

^ R.. W. G. Wyckoff, The Structure of Crystals, Chemical Catalog Company, New York, 
2nd ed., 1931; W. H. Zachariasen, The Theory of X~Ray Diffraction in Crystals, John Wiley 
and Sons, New York, 1945; I. Fankuchen in A. Weissberger, Physical Methods of Organic 
Chemistry, Interscienoe Publishers, New York, Volume I, 1945, Chapter XIV, 
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clence is inconclusive, such methods have led to more fundamental re¬ 
sults. For example, the structure of carbon suboxide was shown by 
electron difl’racti(m to be TX and not X, and that of biphenylene was 


0=C=C==C=0 


C=C 
I I 

0 - 0=0 



IX 


XI 


XII 


shown by l)oth electron diffraction^® and crystal-structure analysis^® 
to 1)0 XI and not XII. 

With the exception of the electron-diffraction and crystal-structure 
methods, none of these physical methods is able to lead to a complete 
structure for any but a few especially simple molecules. Instead, they 
merely provide evidence which, when taken in conjunction with the 
available chemical evidence, may permit a decision to be made among a 
limited number of alternatives. Partially to counterbalance this limita¬ 
tion, however, they have the great advantage of dealing with single 
molecules and not with the mucJi more complex interaction between two 
or more molecules. In fact, all the chemical methods discussed above 
require that deductions be drawn from chemi(jal reactions, or, in other 
words, that the stmeture of a given molecule be inferred from the way 
it is derived from, or transformed into, a different molecule. Thus, even 
the methods based upon isomer number require the assumption of the 
principle of minimum structural change. The physical methods, on the 
other hand, involve much less drastic changes in the molecule being ex¬ 
amined, and they leave the molecule in the same state after the experi¬ 
ment that it was in before. As a very rough analogy, which greatly 
exaggerates the advantages of the physical methods, the chemical 
methods of establishing structure might be compared to the determina¬ 
tion of the shape of an egg by examining either the hen that laid it or its 
fragments after it had been hit by a hammer, whereas the physical 
methods might be compared to the determination of the shape by look¬ 
ing at the egg itself. Nevertheless, in spite of this apparently great 
advantage of the physical methods, the limitations mentioned above are 
in practice so great that ordinarily such methods are, at best, useful 
only as guides for, or as checks upon, the more familiar chemical methods. 

4-8 Classification of Structural Isomers, Efforts have been 
made by various chemists to subdivide the field of structural isomerism 

L. O. Brockway and L, Pauling, Proc. Nail, Acad, Sd, U, S. 19 , 860 (1933). 

J. Wasor and V. Schomaker, J, Am. Chem. Soc. 66, 1451 (1943). 

“ J. Wasor and C.-S. Lu, J, Am. Chem, Soc, 66 , 2035 (1944). 
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into smaller fields. Thus, those structurally isomeric organic compounds 
which have different arrangements of the carbon atoms (e,g., r^-butane, 
I, and isobutane, II) are sometimes said to be nucleus or chain isomers; 

CH3—CH—CH3 

CH3—CH2—CH2—CH3 CH3 CH3—CII2—CH2—Cl 

I TI III 

those which have the same carbon skeleton but differ with respect to 
the positions of one or more substituent atoms or groups (e.g., n~propyl 
chloride. III, and isopropyl chloride, IV) are said to be position isomers; 

CH3— CH— CH3 

Cl CII3—CH2— OH CH3— 0 —CH3 

IV V VI 

and those which have different functional groups (e.g., ethyl alcohol, V, 
and methyl ether, VI) are said to be functional-group isomers. 

In an alternative, but partially overlapping, system of classification,^^ 
every structure is considered to consist of a skeleton (which may or may 
not contain atoms of elements other than carbon), plus a number of 
univalent substituents that are attached to the skeleton; univalent sub¬ 
stitution isomers are then structural isomers which differ only by some 
permutation of the univalent substituents, whereas skeletal isomers are 
isomers which differ in the structure of the skeleton. Although these 
latter definitions are logical and mutually consistent, they do not always 
lead to a unique separation of structural isomers into the two sub¬ 
divisions. For example, o-xylene, VII, and m-xylene, VIII, are univalent 



CH3 

I^H, 

A 

VII 

VIII 


substitution isomers if the skeleton is considered to consist of only the 
six carbon atoms of the benzene ring, but they are skeletal isomers if the 
skeleton of each substance is considered to consist of all eight carbon 
atoms. 

AU the schemes which have been proposed for the subdivision of struc¬ 
tural isomerism suffer from the fact that they are rather cumbersome; 

^ See, for example, R. L. Shriner, R. Adams, and C. S. Marvel in H. Gilman, Organic 
Chemistry, John Wiley and Sons, 1st ed., 1938, Volume I, pages 164 f., 2nd ed., 1943, Vol¬ 
ume I, pages 218 f. 

® A. C. Lunn and J. K. Senior, J, Phyc, Chem, 33, 1027 (1929). 
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moreover, the distinctions upon which they are based are often not very 
important. Consequently, they are seldom found in practice to be very 
helpful. Possibly for these reasons, no one scheme has as yet been gen¬ 
erally accepted by all chemists. Throughout the remainder of this book, 
therefore, the field of structural isomerism will not be further divided, 
unless the subject of tautomerism, discussed in Chapter 14, be con¬ 
sidered to constitute a subdivision. 



StcreoisomerLsm 


5*1 The Meaning of Configuration, On the basis of the defini¬ 
tions introduced in tiie preceding chapters, any two structures must be 
considered identical if they can bo specified, in the manners discusseii 
above in Section 4*1, l)y the same verbal description and by the same 
table. When the structural theory was first developed, the natural as¬ 
sumption Av^as made that two substances which in this sense correspond 
to identical structures must themselves be identical too. There were 
soon found, however, examples of isomeric substances which differed 
unmistakably in chemical or physical properties, or in both, but which 
nevertheless had to be assigned the same structure. (See paragraph 2 of 
Section 4 • 2.) As this phenomenon was more carefully studied and as it 
became better understood, a special terminology Avas in time developed 
for its convenient description. Thus, such isomers are at present dis¬ 
tinguished from the longer-knoAAUi structural isomers by being called 
stereoisomers; moreover, stereoisomers, although identical in structure, 
are at present said to differ in configuration. 

In Section 1-18, a distinction was drawn btd-wcen isomers and stoichioiners; it is 
now desirable to consider how this distinction afTects tlie above definition of stereo¬ 
isomers. Thus, two (un-ioniz('d) acids which are stereoisomers of (',ach othcT ani 
also isomers of eac;h other; however, their (ionized) salts, which arc formed by reac¬ 
tion with the same bastj (or with isom«;nc bases), are not isomers, but are instead 
stoichiomers, of each other. In the same manner, sl.(‘r(ioisomeri(; bas(;s are likewise 
transformed into stoichiomeric salts. It is, therefore, somewhat illogical to (iall 
such salts “stereoisomers^^ of one another, since they are not isomers at all; con¬ 
sistency in nomenclature, in fact, requires that th(«e substancc^s be called “stcreo- 
stoichiomers.^^ Throughout this book, however, compounds of the tyj)e describcnl 
will be referred to as “stereoisomers.” This conventional, but incixact, terminology 
caan cause no confusion, because the only stereostoichiomers wliich will hereafter be 
considered are ones in which each component molecule (or ion) of each substancM) 
either is identical with, or else is a stereoisomer of, the (corresponding component 
molecule (or ion) of the other substance, (See, however, the paragraph in fine print 
on page 160.) 

Still another feature of the definition of the word “isomer” (Section 1T8) also 
requires comment here. Two substances are isomers of each other only if they retain 
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thoir (iiff(;rences in the fluid states. Since stereoisomers satisfy this condition, they 
are isomers (or stoichiomers, sec* above) and are not merely different crystalline 
modifications or polymorphic forms. 

The exact physical significance of what is now known as configuration 
was in dispute for some time. Tn 1873, Wislicenus,^ adopting a still 
earlier idea of Pasteur’s,^ suggested that this property might be related 
to the geometrical arrangements of the various atoms, or, in other words, 
to the sizes and shapes of the molecules in ordinary Euclidean three- 
dimensional space. In the following year, van’t Hoff ® and Le Bel ^ in¬ 
dependently carried the suggestion much further by making fairly 
definite proposals in regard* to the most probable arrangements of the 
atoms in a number of organic molecules. Their proposals were soon 
widely accepted, and they now form the basis of nearly all present-day 
discussions of stereoisomerism. Indeed, the prefix “stereo” is derived ^ 
from such considerations (Greek (rrepeos, solid). Consequently, although 
it is not inconceivable that some entirely different meaning could be as¬ 
signed instead to the conc^opt of configuration, and that some entirely 
different explanation could be found instead for the phenomenon of 
stereoisomerism, the assumption will be made explicitly throughout this 
book that configuration does ac^tually refer to ordinary three-dimensional 
geometry, and that stereoisomcj’s do actually differ in the arrangements 
of their atoms in Euclidean space. More precisely, it will be assumed 
that the configuration of a molecule can be defined as that representa¬ 
tion of it which not only states the number of covalent bonds by which 
each atom is joined to each other atom, but also specifies the actual 
geometric*,al arrangement of all the atoms. This assumption receives a 
partial justification in the fact that it is consistent with all the extremely 
numerous known facts of science. 

5 • 2 Historical Interlude. Before the discussion of stereoisomerism 
is begun, a brief historical interlude may be not only amusing but also 
instructive. At the present time, the stereochemical ideas introduced 
by van’t Hoff and Le Bel seem so simple and so obvious that one is likely 
to forget that they were new and revolutionary when they were first 
published. Actually, they by no means met with instantaneous and 
unanimous acceptance; indeed, they gave rise to much heated argument 

^ J. Wislicenus, An7i. 167, 302 (1873). 

2 L. Pasteur, two lectures delivered before the Soci6t6 Chimique de Paris, January 20 
and February 3, 1860. See L. Pasteur, Researches on the Mclecvlar Asymmetry of Natural 
Organic Products^ Alembic Club reprint, University of Chicago Press, Chicago, 1902; 
(Euvres de Pasteur^ Masson et Cie., Paris, 1922, Volume 1, pages 315 ff., 329 ff. 

* J. H. van’t Hoff, BvlL soc. chim. [2J 23, 295 (1875); The Arrangement of Atoms in Space^ 
2 nd ed. (translated by A. Eiloart), Longmans, Green, and Company, London, 1898. 

^ J. A. Le Bel, Bull. soc. chim. [2] 22, 337 (1874). 

® K. Auwers and V. Meyer, Ber, 21 , 784 (1888); V. Meyer, ibid. 23, 607 (1890). 
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in the chemical literature. The following excerpts from an article by 
Kolbe ® will serve to indicate the attitude of at least one highly respected, 
but very conservative, older organic chemist. 

In a recently published paper with the same title [Signs of the Ttmes]^ I pointed 
out that one of the causes of the present-day retrogression of chemical research in 
Germany is the lack of general and, at the same time, fundamental chemical knowl¬ 
edge; under this lack no small number of our professors of chemistry are laboring, 
with great harm to the science. A consequence of this is the spread of the weed of 
the apparently scholarly and clever, but actually trivial and stupid natural philos¬ 
ophy, whic.h was displaced fifty years ago by exact natural science, but which is now 
brought forth again, out of the store-room harboring the errors of the human mind, 
by pseudosc^ientists who try to smuggle it, like a fashionably dressed and freshly 
rouged prostitute, into good society, where it does not belong. 

Anyone to whom this concern st?ems exaggerated may read, if he is able to, the 
book by Messrs, van’t Hoff and Herrmann on The Arra7igement of Atoms in Spacer 
which has recently appeared and which overflows with fantastic foolishness. I 
would ignore this book, as [I have] many others, if a reputable chemist had not taken 
it under his protection and warmly recommended it as an excellent accomplishment.. 

A Dr. J. H. van’t Hoff, of the Veterinary School at Utrecht, has no liking, it secuns, 
for exact chemical investigation. He has e.onsidered it more convenient to mount 
Pegasus (apparently borrowed from the Veterinary School) and to proclaim in his 
La chimie dans Vespace how the atoms appear to him to bo aiTanged in space, when 
he is on the chemical Mt. Parnassus which he has reached by bold flight. 

The prosaic chemic^al world had little liking for th(js(^ hallucinations. Therefore, 
Dr. F. Herrmann, Assistant at the Agricultural Institute at Heidelberg, undertook 
to give them wider vogue by means of a German edition. This carries the title ^^The 
Arrangement of Atoms in SparCf by Dr. J. H. van’t Hoff; translated into German 
from the author’s monograph La chimie dans Vespace by Dr. F. Herrmann, Assistant 
at the Agricultural Institute in Heidelberg; with a foreword by Dr. Johannes Wisli- 
cenus, Professor of Chemistry at the University of Wurzburg. ...” 

It is not possible to criticize this work even half-way thoroughly because the play 
of phantasy therein dispens(‘s completely and entirely with factual basis and is abso¬ 
lutely unintelligible to the sober scientist. . . . 

It is indicative of the present day, in which critics are few and hated, that two 
practically unknown chemists, one from a veterinary school and the other from an 
agricultural institute, judge with such assurance the most important problenis of 
chemistry, which may well never be solved—in particular, the question of the spatial 
arrangement of atonLS—and undertake their answ’’er with such courage as to astonish 
the real scientists. 

As I have said, I would have taken no notice of that work if Wislicenus had not 
inconceivably written a fon?word for it and, not jokingly but in complete seriousne>ss, 
warmly recommended it as a worthwhile contribution—^whereby many young inex¬ 
perienced chemists might bo misled into assigning some value to these shallow 
speculations. . . . 

It is a sign of the times that the modem chemists feel themselves qualified and 
able to give an explanation for everything, and, when the results of experience are 
not sufficient, they seize upon supernatural explanations. Such treatment of scien- 


« H. Kolbe, J. praU, Chem, [2] 16 , 473 (1877). 
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tific questions, which is not far rt^moved from the belief in witches and from ghost;- 
rapping, even Wislicenus considers to be admissible. . . . 

Wislicenus makes it clear thereby that he has left the ranks of exact scientists and 
has gone over to the (;amp of the natural philosophers of ominous memory, who are 
only by a narrow ^'medium’^ separated from the spiritualists. 

5*3 Polarized Light. Since stereoisomers often, although not al¬ 
ways, differ most markedly in their effects upon polarized light, a brief 
digression into the nature of light will be necessary here. It is now 
recognized ^ that any beam of light is composed of (or perhaps merely 
accompanied by) two different kinds of field: first, a varying electric 
field in a direction perpendicular to that of prop¬ 
agation of the light; and, second, a varying 
magnetic field in a direction perpendicular to 
both that of propagation and that of the elec¬ 
tric field. Since the magnetic field is not 
necessary to the following discussion, it will here 
be ignored. In the detailed mathematical treat¬ 
ment of the theory of optical activity,® however, 
the magnetic field is found to be of equal im¬ 
portance with the electric one. The significance 
of the electric field can be explained with 
reference to a hypothetical experiment. In 
Figure 5*1, a beam of light may be considered 
to pass through the point 0; the direction of propagation may be 
taken as that perpendicular to the plane of the paper, A unit 
positive charge placed at 0 would be subjected to a force due to 
the electric component of the beam of light. At any given in¬ 
stant, this force would have a definite magnitude and direction that can 
be represented graphically by the length and direction, respectively, of 
the arrow OP, which of course lies in the plane of the paper. Over even 
a very short period of time, the position of the point P, which marks the 
head of the arrow, varies widely as the electric field, to which it cor¬ 
responds, varies widely. As a result, over this period of time, P can be 
considered to move and hence to follow some sort of path. The nature 
of the path depends upon the kind of light. With ordinary light, such 
as is emitted by the sun or by any other incandescent source, the path 
is extremely irregular and might look like that shown in Figure 6*2. 
On the other hand, the various types of polarized light correspond to 
more regular patterns. With plane polarized light (discovered by Malus ® 

^ See any textbook of physics or any treatise on light. 

«L. Rosenfeld, Z. Physik 62 , 161 (1928). 

• Malus, M4m. de la aoc, d^ArcueU 2 , 143 (1809); cf. E. Mascart, Traiti d'optigue, 
Gauthier-Villars et Fils, Paris, Volume I, 1889, page 521. 



Figure 5*1. A represen¬ 
tation of the magnitude 
and direction of a force, 
acting at point 0, by the 
length and direction, re¬ 
spectively, of an arrow 
OP. 
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in 1809), for example, the direction of the electric field remains constant 
and only its magnitude varies; consequently, the point marking the 
head of the arrow is restricted to a back-and-forth movement, with a 
frequency equal to that of the light, along a single straight line, such as 



Fksttrb 5 -2. A schematic roprcsenia- Figure 5 ■ 3. A schematic 

tion of the way in which the c^lectric n^presentation of the way 

field in ordinary light might vary with in which tlu^ el(^(;tri(; field 

the time in both magnitude and direcs in f)lan(^ polarized light 

tion. varies with the time. 


PP' of Figure 5*3. This line necessarily, of course, passes through the 
point 0, which, as before, designates the place at which the beam of light 
strikes the plane of the paper and hence also the place at wliich the force 
acts. The plane which is defined by this lino PP' and by the direction 
of propagation is then said to be the plane of polarization of the light. 

This plane is, of course, perpen¬ 
dicular to the paper. When one 
speaks of polarized light, he 
ordinarily has in mind the plane 
polarized light of this type; still 
other kinds are, however, well 
known. Of these further types, 
Q, 5 circularly polarized light (dis- 

Fiotjbe 5-4. A schematic representation Covered by Fresnelin 1817) is 
of the two types of circularly polarized of most interest with respect to 
light. stereoisomerism. With circularly 

polarized light, the magnitude 
of the electric field remains constant, and only its direction varies; 
consequently, the point marking the head of the arrow is restricted 
to motion, again with a frequency equal to that of the light, about 
a circle with 0 as center, as in Figure 5-4. Since the point may 



A. Fresnel, Ann, chim, [2] 28 , 147 (1825). 
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move round the circle in either the clockwise or the counterclockwise 
direction, as in Figures 5 •4a and 5-46, respectively, two distinct types 
of circularly polarized light are possible. These are known, respectively, 
as right and left circularly polarized light if the direction of propagation 
of the light is from below the plane of the paper to above it, or vice versa 
if the direction of propagation is from above the paper to below it. 

The experimental methods by which the various types of polarized 
light can be produced in the laboratory need not be discussed here.^’^^ 
Tt will be sufficient, rather, merely to point out that ordinary light may 
be polarized in any desired way by being 
passed through suitable optical instru¬ 
ments known as 'polarizers, 

5*4 Optical Activity. If plane po¬ 
larized light is allowed to pass through 
any transparent medium, it will ordinarily 
be found afterwards to be still plane 
polarized. However, its plane of polar¬ 
ization may have changed in the proc- 
ess .^2 [n such an event, the medium is 
said to be optically active and to have ro- 
tated the plane of polarization of the light. 

The magnitude of the rotation is given by that of the angle between the 
initial and the final planes of polarization; the direction of the rotation 
is specified as positive or negativej if it appears to be clockwise or counter¬ 
clockwise, respectively, to an observer who is looking directly toward, 
rather than away from, the source. Positive and negative rotations are 
also frequently designated as being to the right and to the left, respec¬ 
tively. For example, in Figure 5 • 5, if the light is considered to be coming 
from below the paper in a direction perpendicular to it, and if the line 
PP' marks its original plane of polarization, then, the lines PP' and LV 
represent, respectively, the planes of polarization which would result 
from rotations by (or by to the right) and by —(or by to 
the left). Substances which rotate the plane to the right are called 
dextrorotatory; those which rotate it to the left are called levorotatory. 
The fact that a substance is dextro- or levorotatory is conveniently 
specified explicitly in its name by the prefix (+) or (—), respectively. 
The older prefixes d and I, respectively, which were originally used for 
the same purpose, have been assigned other meanings, as will be dis- 

^ Cf. R. L. Shriner, R. Adams, and C. S. Marvel, in H. Gilman, Organic Chemistry, John 
Wiley and Sons, New York, Ist ed., 1938, Volume I, pages 200 ff., 2 nd ed., 1943, Voliune 
1 , pages 281 ff. 

Arago, Mim. daase sciences math, phys, de VlnstUut Imp, France 12, 93, 115 (1811),* 
cf, E, Mascart, Traits. d*optique, Gauthier-Villars et Fils, Paris, Volume II, 1891, page 247. 



FiGURic 5-5. Possible changes 
in thc5 plane of polarization of 
plane polarized light on passage 
tlirough an optically active me¬ 
dium. 
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cussed in the next chapter (see Section 6*15); since they have now 
therefore become ambiguous, they will not be employed in this book, 
although they are still often encountered in the current chemical liter¬ 
ature. 

In Figure 5*5, it might not bo clear that the rotation represented by the line 
RR\ for example, corresponds to one of as stated, rather than to one of 

-f + n-180°), where n is any integer. Indeed, it might not be clear even that 
the rotation is to the right at all, since a rotation by — (n-180® — 0°), where n is 
again any integer, would likewise bring the plane of polarization to the position 
markc^d by RR\ Ambiguities of this sort are, however, easily resolved. In general, 
the magnitude of the rotation produced by any substance is proportional to its con¬ 
centration and to the length of the path which the light follows through it. (How¬ 
ever, see Section 5*5.) Consequently, by varying cither the concentration or the 
length of path or both, one can always decide empirically among the various possi- 
biliticis. For example, if the apparent rotations of a given substance at a given con¬ 
centration are -1-20'^ and +10®, when the path lengths are 20 cm and 10 cm, respec¬ 
tively, the possibility that the actual rotation is luigative is excluded; an actual 
rotation of, say, —160® wdth the 20-cm path would require a rotation of —80® with 
a 10-cm path, so that the apparent positive rotations would be not +20® and +10®, 
as observed, but +20® and +100®, respectively. In analogous ways the choice 
among the various possible positive rotations can also be made. 

It should be noted furthcjr at this time that an optically active substance can 
appear to be inactive if the concentration and path length happen to be such that 
the rotation is an exact multiple of +180®. For this reason, a substance should be 
reported as inactive only if it producer no detectable rotation at several different 
concentrations or with several different path lengt/hs. And finally, attention should 
be called to the fact that an optically active substance may have a truly zero rota¬ 
tion under certain specified experimental conditions, although naturally not under 
all experimental conditions. (For examples, see Section 5-5.) 

5*5 The Specific Rotation. For the characterization of an opti¬ 
cally active substance, the so-called specific rotation has proved nseful.^^ 
This quantity is defined by equation 5-1, where [a]x^ is the specific rota- 

= ^ (5*1) 

Ui 

tion for light of wave length X at the temperature t^C; and a is equal to 
the rotation produced after the light has passed through a tube which is 
I decimeters in length, and which is filled with the optically active sub¬ 
stance (either pure or in solution in an optically inactive solvent) at a 
concentration of d grams per cubic centimeter. As has already been 

** (a) Biot, Mem, de VAcad, Roy, Sciences de VInatitvt France 13, 39, 116 (1836); cf. 
W. Kuhn in K. Freudenborg, StereocKemie^ Franz Douticke, Leipzig and Vienna, 1933, 
page 318. (b) R. L. Shriner, R. Adams, and C. S. Marvel in H. Gilman, Organic ChemUiry^ 
John Wiley and Sons, New York, 1st ed., 1938, Volume I, pages 209 ff., 2nd ed., 1943, 
Volume I, pages 290 ff. 
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mentioned, the rotation is taken with the positive sign if it is to the right, 
and with the negative sign if it is to the left. 

Ideally, the specific rotation (as so defined) should be a characteristic 
property of the substance to which it applies, and its value should be in¬ 
dependent of the experimental conditions. In practice, however, ex¬ 
tensive investigation has shown that it varies somewhat in magnitude 
with the wave length of the light, with the temperature, with the solvent 
(if any), and with the concentration.^®^ In a few instances, even the 
sign of rotation is found to change with conditions. Thus, ethyl pyro- 
glutamate, I, has a positive rotation if light of wave length less than 
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about 4990 A is used, but a negative rotation if light of wave length 
greater than about 5165 A is used instead; aspartic acid, II, has a posi¬ 
tive rotation at temperatures below about 75°C, but a negative one at 
higher temperatures; the particular form of tartaric acid. III, which has 
a positive rotation in aqueous solution has a negative one in the crystal¬ 
line form and also in solution in a solvent consisting of a mixture of 
benzene and ethyl alcohol; and, at room temperature, the particular 
form of malic acid, IV, which has a negative rotation in dilute aqueous 
solution has a positive one when the concentration is greater than about 
35 per cent. In such instances as these, there must exist intermediate 
wave lengths, temperatures, solvents, or concentrations, respectively, 
such that the observed rotations are exactly zero. 

With colorless compounds, the variation in specific rotation with the 
wave length of the light that is used is ordinarily small, but neverthe¬ 
less great enough to make necessary the precise statement of the wave 
length. The remaining variations are usually minimized by standardiza¬ 
tion of the experimental procedure to as great an extent as possible. 
Thus, unless statements are made to the contrary, specific rotations are 
considered to apply to room temperature and to dilute solutions in 
stated solvents. Within these limitations, specific rotations may be 
employed for the characterization, identification, and even quantitative 
analysis of optically active substances. 

Of somewhat greater theoretical significance than the specific rota¬ 
tion is the so-called molecular rotation This quantity is defined 
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by equation 5*2, in which W is the molecular weight of the substance 

W = TF-Wx' (5-2) 

in question. Since the molecular rotations are usually rather large in 
magnitude, the values are often given as 3d^oo of the ones defined in equa¬ 
tion 5 • 2. Clearly, the molecular rotation of any substance must exhil)it 
the same sorts of variation in magnitude (and occasionally also in sign) 
that are characteristic of the specific rotation, to which it is proportional. 

5-6 Nature of the Substances Exhibiting Optical Activity. 
The substances capable of optical activity are found to be of several dif¬ 
ferent types. Some substances, of which quartz, sodium chlorate, and 
magnesium sulfate may be mentioned as typical examples, are active 
only in the solid state. If these substances are melted, dissolved in any 
liquid solvent, or vaporized, they become inactive. The observed activ¬ 
ities of such substances appear therefore to be properties of the crystals 
and not of the individual molecules. Consequently, they are of little 
organic chemical interest, and will hereafter be ignored. It is of 
historical interest, however, that quartz was the first optically active 
substance to be rec.ognized as such.^^ A more important type of optical 
activity is revealed by the fact that any substance, even if it is ordinarily 
inactive, possesses an optical rotatory power in the liquid and gaseous 
states, as well as in the solid state, when it is subjected to an intense mag¬ 
netic field. This phenomenon, which is called the Faraday effect after 
its discoverer,^^ has been of some practical use, since the magnetic rota¬ 
tion has proved to be an additive and constitutive property like the 
molecular volume and molecular refraction.^^ However, since it has 
usually been found in practice to be a less convenient tool than the other 
analogous physical properties, it will seldom be mentioned in the re¬ 
mainder of this book. (See, however, pages 248 and 350.) In any event 
the rotatory power which a substance exhibits only in the presence of a 
powerful external field is hardly an intrinsic property of its molecules 
alone,* hence, such a rotatory power is of relatively little fundamental 
importance in stereocihemistry. 

A third group of optically active substances consists of those which 
retain their activity not only in the liquid and gaseous states, but also 
in the absence of external fields. The existence of substances of this 
type was discovered by Biot, who found that oil of turpentine, alcoholic 
solutions of camphor, and aqueous solutions of cane, beet, and milk sugar 

M. Faraday, Faraday^a Diary, G. Bell and Sons, London, 1933, Volume IV, pages 
263 ff. (13 Septr., 1845). 

See S. SmileB, The Rdationa between Chemical Conatilution and Some Physical Prop¬ 
erties, Longmans, Green, and Company, London, 1910, Chapter XIII. 
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are optically active; and, slightly later, that even gaseous turpentine 
is also active.^^ With such substances, the observed activities must be 
intrinsic properties of the respective individual molecules, and there¬ 
fore must be of fundamental theoretical significance. Only substances 
belonging to this final class will be spoken of hereafter as optically active. 

5*7 The Cause of Optical Activity. The theoretical problem pre¬ 
sented by the occurrence of substances which are, in the sense just de¬ 
fined, optically active has been attacked with the aid of both the classical 
electromagnetic theory^® and the modern quantum mechanics.*^'® As 



Fiourk 5 • 6. A sfheinat illation of a mol(‘<*ul(^ through which plane polarized 

light is passing. 

a result, the broad outlines of the subject arc at present fairly well under¬ 
stood, even though no actual applications of the mathematical treat¬ 
ments to specific substances have ever been carried through rigorously. 
The following purely classical and greatly oversimplified discussion bears 
little superficial resemblance to these more elaborate analyses of the 
problem; it should, however, be suflScient to bring out some of the es¬ 
sential features. 

In Figure 5-6, the irregular closed curve is intended to be a schematic 
representation of a molecule through which plane polarized light is pass¬ 
ing. For definiteness, the beam of light may be considered perpendicular 
to the plane of the paper. At the point 0, the direction of the varying 
eletjtric field that is due to the incident light is along the line PP', which 
therefore indicates also the original plane of polarization of the light. 
The electric forces (due to the light) acting upon the charged particles 
within the molecule at the point 0 are consequently along this same line 

Biot, B'idl. soc. philom, Paris 1816, 190; 1816, 125; cf. W. Kuhn in K. Freudenberg, 
Stereochemie, Franz Deuticke, Leipzig and Vienna, 1933, page 317. 

^^Biot, M6m. de V Acad. Roy. Sciences de VInstitut France 2 , 41, 114 (1817); cf. W. 
Kuhn in K. Freudenberg, Stereochemiey Franz Deuticke, Leipzig and Vienna, 1933, page 
317; H. Landolt, Das Optische DrehungsvermOgen organischer Substanzen^ Friedrich Vieweg 
und Sohn, Braunschweig, 1898, page 36. 

Cf. J. G. Kirkwood, J. Chem, Phya. 5 , 479 (1937), and further references given there. 
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PP\ As a result of these forces, the electrons and, to a much smaller 
extent, the heavier atomic nuclei are given a periodic motion with the 
same freciuency as that of the light which produces it. Although, as has 
just been mentioned, the forces which cause the motion act along the 
line PP', the motion itself, if the molecule is sufficiently unsymmetrical, 
may lie along some different line, such as (See the followng para¬ 
graph.) Now, the charged particles moving periodically along the line 
SS' must, according to classical electromagnetic theory, emit radiation 
which is plane polarized, and which has as its plane of polarization the 


N M 



O 


Figurk 5 7. A mechanical system in which an object B moves in a direction BM 
which is diff(irent from tliat of the force OB acting upon it. 

one represented by the line SS\ Consequently, after the light has passed 
through the molecule, it consists of two components, namely, the orig¬ 
inal radiation polarized along PP' and the induced radiation polarized 
along SS'. The intensity of the original radiation has, of course, been 
slightly reduced; for, as the light passes through the molecule, a fraction 
of its energy is used up in producing the periodic polarization. Since 
these two components of the emergent beam are of the same frequency, 
and since they are also coherent, they combine to form a resultant beam 
of light which is polarized in a new plane such as that represented by 
RR'j intermediate between PP' and SS'. Consequently, the plane of 
polarization has been rotated, during its passage through the molecule, 
by the angle </> between the original and resultant directions PP' and 
RR\ respectively. In practice, the rotation 4> due to a single molecule 
is, of course, infinitesimal, but that due to a succession of a great many 
different molecules in the path of the light may be quite appreciable. 

Some explanation of the reason why the charged particles in a molecule do not 
have to move in the directions of the external forces acting upon them is necessary 
if the above interpretation of the cause of optical activity is to seem convincing. 
The situation can be made clear with the aid of a simple mechanical analogy. Figure 
5 • 7 shows a ball B, which is joined by two springs S and of different stiffness, to 
the rigid supports R and R\ A force acting upon the ball in the direction shown by 
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the arrow OB will cause the ball to move so that the two springs are stretched. 
However, the motion of the ball will not be along BN (i.e., it will not Ikj in the direc¬ 
tion of the force acting), but rather along BM, sincn the weaker spring S is stretched 
by a greater amount than is the stronger one S'. In a similar way, an electron in a 
molecule ncied not move in the direction of the external force acting upon it if the 
internal ^‘restoring forces” are unsymmetrical. 

Still a further feature of the above explanation of optical activity 
requires discussion. Molecules in the liquid and gaseous states are not 
held rigidly in fixed positions, but instead are distributed at random over 
all possible positions and over all possible orientations with respect to 
the beam of light. Moreover, the magnitudes and even the signs of the 
individual rotations that are produced by the tremendously large num¬ 
ber of individual molecules encountered by the light in its passage 
through the material must be presumed to depend upon the orientations 
of these molecules with respect to the plane of polarization of the light. 
Under what circumstances, then, must the observed resultant rotation 
be equal to zero, and under what other circumstances may it differ from 
zero? 

It will be shown below in this section that the answer to the above 
question is as follows: Any single substance, each molecule of which is 
identical (or, more precisely, congruent) with its oanti mirror image, 
must be optically inactive; on the other hand, any other single sub¬ 
stance, each molecule of which is not identical with its OAvn mirror image, 
must instead be optically active. Moreover, two different optically 
active substances, so related that each molecule of either one is identical 
with the mirror image of each molecule of the other one, must have 
specific (and also molecular) rotations of exactly the same magnitude 
but of opposite sign; the two members of a pair of enantiomorphs are pre¬ 
sumed to be related in this manner. (See Section 5-9.) Finally, a mix¬ 
ture of two or more substances is inactive if each of its optically active 
components, if any, is matched by an exactly equal amount of its enan- 
tiomorph; racemic modifications (see Section 5 • 12) are the only important 
examples of such inactive mixtures. 

It is, of course, possible to imagine a mixture of two or more nonenantiomorphic 
dextro- and levorotatory substances in such proportions that the rotatioi^ of the 
different components (ixactly cancel one another. However, on account of the 
variations of rotatory power produced by changes in the temperature, in the wave 
length of the light used, and in the nature of the solvent (Section 5 * 5), such a cancel¬ 
lation could hardly persist at all temperatures, with aU wave lengths, and in all 
solvents. Consequently, such a mixture would not in a strict sense be optically 
inactive. 

Before the theoretical derivation of the above general conclusions is 
outlined, the significance of the rather abstract geometrical relation- 
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ships just discussed can profitably be made more concrete with the aid 
of a few familiar examples. Common objects which are identical with 
their own mirror images include spheres, cubes, right circular or el¬ 
liptical cylinders or cones, and regular tetrahedra. Thus, the mirror 
image of a sphere (reflected in a plane mirror) is another sphere of the 
same size as the original one; hence (in thought, although of course not 
in actuality), the sphere and its image can be exactly superposed. Con¬ 
sequently, in accordance with the above rule, a substance composed of 
spherical molecules would necessarily be optically inactive. Other com¬ 
mon objects which are not identical 
with their own mirror images include 
gloves, shoes, hands, feet, spiral stair¬ 
cases, and screws. Thus, the mirror 
image of a right-hand glove, for ex¬ 
ample, is not another right-hand 
glove, but is instead a left-hand glove; 
even in thought, therefore, the glove 
and its image cannot be superposed. 
C'onsequently, a purely hypothetical 
substance composed of molecules with 
the shape of right-hand gloves should 
be optically active. Its equally hy¬ 
pothetical enantiomorph would be com¬ 
posed of molecules with the shape of left-hand gloves of the same size 
as before, and the racemic modification would consist of equal numbers 
of molecules of the two kinds. 

The problem of the extent to w’hich the infinitesimal rotations pro¬ 
duced by the individual molecules cancel each other can now be con¬ 
sidered. At the outset, it will be assumed that each molecule of the 
substance under discussion is identical with its own mirror image. Even 
under such circumstances, a macroscopic sample of the substance can 
hardly be identical with its mirror image at any given instant of time, 
since the sample and its image must almost certainly differ in the posi¬ 
tions and orientations of individual molecules. 

The reason for this possibly unexiject/cd conclusion can be made clear with the aid 
of a simple example. In P^igure 5*8, the rectangle A represents a container with 
four triangular ^^molecules^’ arranged at random, and the rectangle B represents its 
iiriage in the plane mirror MM', The three lower triangles in each container lie in 
the plane of ilm paper; the Uf)per i-riangle in each (container lies in front of the plane 
of the papc»r. It should Iw evident that, even though each triangle individually is 
identical with its mirror image, nevertheless no conceivable translation or rotation, 
or combination of translations and rotations, can bring the containers A and B 
(including their contents) into superposition. 


M 




A M' B 

Figurk 5*8. A contiiiner A, with 
four “molecules” arranged at ran¬ 
dom, and its rofl(?ction B in the plane 
mirror MM'. 
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Now, although a macroscjopic sample of material may not be identical 
with its mirror image at a single instant, as has just been stated, a 
measurement of optical activity requires a finite time. If the positions 
and orientations of the molecules are averaged over even an extremely 
short time, the resulting average will be identical with its mirror image 
if, as is here assumed, the molecules are individually symmetrical; this 
conclusion follows because the positions and orientations of the molecules 
are completely random. C^onsequently, in the only sense which is of 
experimental significance, the sample of material under consideration 
may be said to be identical with its mirror image, even if the positions 
and orientations of the individual molecules are taken into account. 
Obviously, these considerations are restricted to substances in the fluid 
states. The optical activities of solids, which are therefore ignored, are 
of little interest, however, in the discussion of organic stereochemistry. 

The foregoing argument might more logically have been based upon an averaging 
over the volume of the container instead of over the time required for the measure¬ 
ment; if this alternative vic^wpoint had been adopU^d, the reasoning would have be(in 
made more complu^ated, V)ut the same conclusion would have been reac^hed. Consc^ 
quenily, che loregoiiig discussion will Iw left without further elaboration. 

The following proposition can now be demonstrated: If plane polarized 
light passes through a sample of material which, in the above sense, is 
identical with its mirror images, the rotations due to the individual mole¬ 
cules must exactly cancel each other so that no resultant rotation occurs. 
For the demonstration of this proposition, two experimenters may be 
considered to observe an experiment in whicdi plane polarized light passes 
through a sample of the substance under investigation; the first experi¬ 
menter observes the experiment directly, whereas the second observes it 
by watching its reflection in a mirror which lies in a plane parallel to 
that of polarization of the incident light. Even if the positions and 
orientations of the individual molecules could be distinguished, the 
sample itself would have the same appearance to the two experimenters, 
as has already been explained; moreover, the incident light also must 
have the same appearance to them, since its plane of polarization is 
parallel to that of the mirror. On the other hand, any resultant rotation 
of the plane of polarization that might occur would necessarily appear 
to them to be in opposite directions. Now, the laws of physics are such 
that the apparent behavior of any system which is observed by re¬ 
flection in a plane mirror is not distinguishable from a possible actual! 
behavior of an equivalent system which is viewed directly. (Cf. the 
following paragraph in fine print.) Ckmsequently, if the first of the two 
above experimenters observed a real dextrorotation (or levorotation), 
the second should observe an apparent dextrorotation (or levorotation). 
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since the system composed of sample plus incident light has the same 
appearance to him that it has to the first. Nevertheless, as has just 
been pointed out, the fact that the first experimenter observes a real 
dextrorotation (or levorotation) requires that the second observe in¬ 
stead an apparent levorotation (or dextrorotation). Consequently, the 
only way in whicli a contradiction can be avoided is for the rotation ob- 



V' 


FiauRB 5*9. A system composed of a ball B and the earth F, together with tlie 
reflections of tliis systtim in the vertical plane mirror FF' and in the horizontal 

plane mirror ////'. 


served by each experimenter to be exactly zero. Moreover, if the re¬ 
sultant rotation is thus zero, the rotations due to the individual mole¬ 
cules must either have been themselves zero or else have exactly can¬ 
celed one another. In a way which is modeled closely after the discussion 
on page 146, but which need not be described further here, the first 
of these two alternatives can be shown to be improbable except with 
molecules of exceptionally high symmetry. The second alternative must 
therefore be the one wliich ordinarily obtains. The demonstration of the 
proposition stated at the beginning of this paragraph is accordingly 
complete. 

A simple mechanical analogy may help to clarify the principles which are here in¬ 
volved. In Figure 5»9, the circle B represents a ball which is subject to no restraints 
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and is initially at rest; the arc E represents the surface of the earth. The further 
circles Bv and Bh represent, respectively, the reflections of the ball B in the vertical 
plane mirror VV' and in the horizontal plane mirror HH'; the arcs Ev and Eh repre- 
sciiit the reflections of the earth E in the two respecitive mirrors. Th(^ ball B may be 
assumed to move in the direction of the line BGy which forms an angle 0 with the 
vertical line BD; the images By and Bh therefore move in the directions of the lines 
ByGv and BhOhy respectivcily, which likewise form angles d with the refleertions B^Dy 
and BhDh of the vertical line BD, (As will be shown immediately, tiio angle 6 must, 
of course, be equal to either 0° or 180®.) The actual system, consisting of the ball B 
and the eart,h Ej may first be compared wdth its reflection in the vertical mirror VV'. 
To any observer, the system and its image have exa(;tly the same appearanccq in 
fact, the observer might not be sure whether he is seeing one system and its reflec¬ 
tion, or two diffenmt, but completely equivalent, systems. Since the laws of physics 
have the characteristic mentioiK^d in the preceding paragraph, it therefonj follows 
that the apparent behavior of the reflected system (By plus Ey) must be exactly the 
same as the real biihavior of the real system (B plus E). Consequently, if th(^ ball 
B moves in the direction of thti line BGy its image By must inovi^ in the diniction of 
the line ByGy, A contradiction can be avoided therefore only if th(» angle 6 is 
equal to eitil(^r 0® or 180®, so that the two lines ByGy and ByGy' are coincident both 
with each other and with th(i reflection ByDy of the vertical line BD. Hence, the ball 
its(;lf must move along the vertical line BD as, of course, it actually does. The 
answer to the question wheth(‘r 0 is equal to 0®, so that the ball moves downward 
(i.e., toward the earth), or instead is equal to 180®, so that the ball moves upward 
(i.o., away from the earth), cannot be obtain<‘d with the use of only such general 
considerations; the answx'r, in fact, requires fairly precise information regarding tlu^ 
exact forms of the pertinent physical laws and regarding also the relative densities 
of the ball and of its surrounding medium. 

The following objection may be rais(^d to the foregoing discussion. The line 
ByGy was drawn to the kift of the vt^rtical line ByDy because it was meant to n^pre- 
se.nt the same direction as that represented by the line BGy which was similarly 
drawn to the left of the vertical line BD. However, the lines ByGy' and BG are 
related to two different systems, the first of w^hich is the reflection of the second in 
the mirror VV'; when a system is thus reflected, the meanings of the words *‘right^' 
and ‘^left^^ are reversed. Is it then correct to say that the line ByGy' lies to the 
left of the vertical line ByDyl Is not, instead, the line ByGy the one w'hich really 
lies to the left? If this objection were valid, the proof that the ball must move along 
the line BD would then be fallacious. The objection is, however, not valid. The 
words “right^^ and ‘left^^ have definite meanings with respect to the observer. Since 
the observer is here not part of tlie system that is being observed, he is not to bo 
reflected in the mirror; hence there is no uncertainty regarding the meanings of the 
words ‘^right” and *fieft.” 

A different sort of objection can be raised if the real system (B plus E) is compart'd 
with its reflection (Bh plus Eh) in the horizontal mirror HH'. If, for definiteness, the 
density of the ball is considered to be greater than that of the surrounding medium, 
the ball B then falls toward the earth B, and hence the image Bh moves toward the 
image Eh; in other words, the angle 6 is equal to 0®. It might therefore be considen^d 
that the real experiment and its reflection are not equivalent, since the real ball B 
falls down whereas its image Bh appears to fall up. This objection also, however, is 
not valid. An observer viewing the experiment through the mirror HH' would not 
see the real earth B, which would therefore not be included in the complete system 
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which he was studying; in his system, which contains only the images Bh and Ehf 
the ^‘bair* moves toward the “earth” or, in other words, falls down since, by defini¬ 
tion, “down” means “toward the earth.” It may, however, be asked why the words 
“up” and “down” must be defined with rcfi^rence to the earth, and why they cannot, 
like the words “rigiit” and “left,” be defined instead with reference to the observer. 
The answer to this question is most clearly st^en if the observer is imagined to bc^ 
somewh<Tc in interstellar sf)ace and to be watching the experiment through a power¬ 
ful telescofx^ With njspcrt to such an observer, the words “right” and “left” have 
the same meanings as bt'fore, but the words “up” and “down” are now undefined. 
The real and the apparent motions of the ball may therefore be described as in the 
same direction; furthermore, they must at all times have the same velocities and the 
same accelerations. These two motions are, in fact, entirely equivalent in all sig¬ 
nificant respects. 

The further fact that, under the same conditions, two enantiomorphs 
rotate the plane of polarization by exactly equal amounts in opposite 
directions can be derived in a similar manner. A macroscopic sample of 
one enantiomorph is easily seen to be identical, in the same sense as be¬ 
fore, with the mirror image of an equivalent sample of the other enan¬ 
tiomorph. Consecpiently, if one experimenter, observing directly the 
passage of plane polarized light through a sample of the first enantio¬ 
morph, finds a rotation of N° (where N may be either positive or neg¬ 
ative), another experimenter, observing by reflection in a mirror the 
passage of the same light through an e(]uivalent sample of the second 
enantiomorph, must find an apparent rotation of exactly the same 
In the latter case, however, the apparent rotation of corresponds to a 
true rotation of Conseciueritly, if now each experimenter (and 

not only the first one), views his experiment directly, the two must find 
that, as was stated originally, the enantiomorphs cause rotations of 
exactly the same amount but in opposite directions. Moreover, only as 
a result of a most extraordinary coincidence, which doubtless never oc¬ 
curs in practice, could the observed rotations of the enantiomorphs 
(N^ and —respectively) be zero under all experimental conditions. 
There is, in fact, no more reason for N to be exactly 0 than there is for it 
to be, say, exactly 10 or exactly 93.672 \/t- Consequently, the further 
conclusion can be drawn that, as was also stated earlier, any substance 
must be optically active if it consists of molecules that are not identical 
with their own mirror images. 

The principles which have just been employed can be illustrated by an extension 
of the mechanical analogy discussed in the above paragraphs in fine print. It would 
be possible to construct an “inverted” clock, every individual part of which is equiva¬ 
lent to the mirror image of the corresponding part of an ordinary clock. The original 
real ordinary clock then looks exactly like the mirror image of the corresponding 
inverted clock. Consequently, since the hands of the real ordinary clock go round 
in the clockwise direction, the images of the hands in the reflection of the inverted 
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clock must appear likewise to go round in the clockwise direction. The real hands 
of the real inverted clock must therefore go round in the counterclockwise direction. 
This conclusion is, of course, obviously correct; for, in an inverted clock, constructed 
in the way specified, the hands must indeed move in the direction stated. 

Finally, the optical inactivity' of racemic modifications, and of all 
other similar mixtures in which each optically active component is 
matcht^d by an exactly eciual quantity of its enantiomorph, is a neces¬ 
sary (consequence of the foregoing theoretical considerations. Any such 
mixture, just like a sample of a single inactive substance, can be con¬ 
sidered identical with its mirror image; consequently, the same reasoning 
used above can be applied here too. As before, therefore, the sample can 
have no effect upon the plane of polarization of the light. 

More direct evidence that molecules which are not identical with their own mirror 
images can indeed rot ate the plane of polarization of plane polarized light has been 
obtained by Lindman in a series of ingenious experiments on the effects of macro- 
S(!opic molecular models upon short radio waves. Each model was made from four 
(Kiuivalent copper or briiss balls, which were placed at the corners of an irregular 
tc^trahedron. In some' exiKjriments, the radii of the balls were 3.5 cm; in other experi¬ 
ments, the radii were 0.9 cm. The wave lengths of the radio wave's ranged from 12 
to 36 (?m. Lindman found that, whc'ii a beam of plane polarized ladio waves passes 
through one or morci such mod(*ls, the plane of polarization is rotated. The angle 
of rotation depends upon the orientation of the model with respe^^t to the plane of 
polarization and also upon the wave length; moreover, it is proportional to the num¬ 
ber of models through whi(^h t he beam passes. (Cf. Equation 5 • 1, page 136.) Finalty, 
models which are identical with (*ach other’s mirror images produce rotations of 
equal magnitude's, but in opposite din^ctions. In all respects, therefore, the effects 
which the models were observed to exert upon the plane polarized radio waves were 
the sanK^ as thosc^ which act ual molecules are considered to exert upon plane polarized 
light. In fact, the most significant difference between the two types of experiment 
is merely one of size. 

5*8 The Syminetry Properties of Molecules.^® In view of the 
conclusions reached in the preceding section, a simple rule by which it 
can easily be decided whether a given object is identical with, or dif¬ 
ferent from, its mirror image should be of great value in the discussion of 
stereoisomerism. Such a rule can indeed be stated, as will be seen later 
in this section; first, however, a brief discussion of symmetry in general 
is desirable. 

The symmetry of any rigid body can be described with the aid of its 
so-called symmetry elements. These elements are of several different 
kinds. (1) An object is said to possess a plane of symmetry if a plane 

K. F. Lindman, Ann. Physik [4] 74, 541 (1924); 77, 337 (1925); Acta Acad. kboensU 
Math, et Phys. 4, No. 1 (1927); C.A. 23, 1789 (1929). 

P. M. Jaeger, Lectures on the Principle of Symmetry, Publishing Company “Elsevier,’’ 
Amsterdam, 1917. 
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mirror can be imagined passing through it so that one half of the object 
coincides with the reflection in the mirror of the other half. The plane 
of the mirror is then the plane of symmetry. (2) An object is said to 
possess an n-fold axis (or an axis of order n) if it possesses an axis, about 
which rotation by 360°/^ brings the object into a position indistinguish¬ 
able from its original one. The order n can have any positive integral 
value, or it may be infinite if the object has the complete symmetry of, 
for example, a right circular cylinder or cone. In general, n rotations by 
360°/71 bring the object into a position identical with, and not merely 
indistinguishable from, the original one. Any straight line passing 
through any object is clearly a 1-fold axis; such 1-fold axes, however, may 
usually be ignored in discussions of symmetry since an infinite number of 
them are always present. For the purf)osc of distinction from the 
alternating axes discussed below, the symmetry axes of this first type may 
be called simple axes. (3) An object is said to possess an ri-fold alter¬ 
nating (or mirror) axis if a rotation of 360°//^ about some axis, followed 
by a reflection in a plane perpendicular to that axis, brings the object! 
into a position indistinguishable from its original one. A 1-fold alter¬ 
nating axis, in which the rotation is by 3G0°, is equivalent to a simple 
plane of symmetry. On the other hand, a 2-fold alternating axis, in 
which the rotation is by 180°, is equivalent to what is frequently called 
a center of inversion (or of symmetry). Without explicit reference to axes 
or to planes of reflection, an object may be said to have a center of in¬ 
version if it contains a point within it, such that any straight line through 
that point encounters exactly the same environment in each of its two 
directions. Alternating axes of order higher than 2 are also possible but 
require no special comment here. (However, see below.) 

A few examples will seiwe to make the above concepts more concrete. 
Diagram I represents a cube, the corners of which are lettered from A to 



I n in IV 


H for the sake of future identification. It is easily verified that such a 
cube possesses several planes of symmetry. Of these planes, one con¬ 
tains the edges AB and GH ; reflection in this plane leaves the comers 
A, jB, (r, and H unchanged, and it transforms the comers C and D into 
F and E, respectively; hence, the original diagram, I, is transformed into 
the completely equivalent one, II. Altogether six planes of symmetry 




Sec. 5*8 


149 


The Symmetry Properties of Molecules 

of this type, containing opposite edges of the cube, are present. More¬ 
over, three planes of symmetry of a different type are also present; these 
are the planes which are parallel to, and halfway between, two parallel 
faces of the cube. For example, reflection in the plane lying between 
the faces A BCD and EFGH transforms I into the equivalent III. 

A cube possesses also several axes of symmetry. The common bi¬ 
sector of any of the six pairs of opposite edges is a 2-fold axis. For ex¬ 
ample, rotation by 3G0°/2, or 180"^, about the bisector of the edges AB 
and GH transforms I into IV; a second rotation by the same angle about 
the same axis brings IV back to I. Each of the four body-diagonals of 
the cube is a 3-fold axis. For example, rotation by 3G0V3, or 120°, about 
the diagonal AG transforms I into V; a second rotation of the same kind 
transforms V into VI; and a third transforms VI back into I. Finally, 







/ 


/\ 


7 


VIII 




A-P 






the line perpendicular to, and passing through the center of, any one of 
the three pairs of opposite faces is a 4-fold axis. For example, rotation 
by 360°/4, or 90°, about the line passing through the centers of the faces 
ABCD and EFGH transforms I into VII; a second such rotation trans¬ 
forms VH into VIII; a third transforms VIII into IX; and a fourth 
transforms IX back into I. 

In addition to all the foregoing symmetry elements, a cube possesses 
also several alternating axes. Each of the planes of symmetry noted 
above can be considered equivalent to a 1-fold alternating axis, as has 
already been mentioned. Moreover, each 2-fold and 4-fold simple axis 
is also a 2-fold alternating axis. For example, if the rotations by 180° 
which transform I into either IV or VIII is followed by reflection in a 
plane perpendicular to the respective axis of rotation, diagram X r^ 
suits. The equivalence of the 2-fold alternating axis to a center of 



X XI 

symmetry may be seen from the fact that X can be obtained from I 
directly by inversion through the center (i.e., by an interchange of each 
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pair of comers joined by a straight line through the center). Finally, 
each of the 4-fold simple axes of the preceding paragraph is also a 4-fold 
alternating axis. For example, if the rotation by 90° which transforms 
I into VII is followed by a reflection in a plane perpendicular to the axis, 
diagram XI results. 

As should be apparent from the foregoing example, an object may pos¬ 
sess several different symmetry elements of several different kinds. The 
complete symmetry is defined by a statement of the elements that are 
present and of the angles between the various axes and planes of sym¬ 
metry. Frequently, certain of the symmetry elements are merely 
combinations of others or are implied by others; in such instances, only 
the independent elements need be stated. For example, it is ordinarily 
unnecessary to call attention to the fact that any 4-fold simple axis is 
always also a 2-fold simple axis. Moreover, the above-mentioned 4- 
fold alternating axis of the cube is merely a result of the presence of a 
4-fold simple axis plus a plane of symmetiy perpendicular to it; con¬ 
sequently, the alternating axes in this instance need not have been 
mentioned explicitly. Finally, as can easily be verified, any alternating 
axis of odd order is always equivalent to a simple axis of the same order 
plus a plane of symmetry perpendicular to it; and any alternating axis 
of order 4p + 2, where p is either an integer or zero, is always equivalent 
to a simple axis of order 2p + 1 plus a center of inversion. Conse¬ 
quently, since alternating axes of these two latter types may always be 
ignored, only those of order 4p need be explicitly considered. 

The original problem stated at the beginning of this section may now 
be further considered. Mathematical analysis has shown that an object 
is identical with its own mirror image if, and only if, it possesses an al¬ 
ternating axis of some order. In stereochemistry, this rule finds its only 
important applications in those instances in which the molecules have 
planes of symmetry (alternating axes of order 1) or centers of inversion 
(alternating axes of order 2). There is at present no known example 
of an optically inactive substance, the molecules of which are made 
identical with their mirror images only by the existence of alternat.- 
ing axes of order greater than 2. There is no theoretical reason, how¬ 
ever, why such substances could not be obtained; it just happens that no 
chemist has as yet taken the trouble to prepare one. (For the reason 
stated in the preceding paragraph, only the alternating axes of order 
4, 8, 12, and so on need be considered.) The statement is often made 
that a compoimd must be optically active unless either it is a racemic 
modification or else its molecules possess either planes or centers of sym¬ 
metry. In practice, this simpler, but incomplete, form of the rule, which 
ignores the possibility of inactivity due to the presence of alternating 



Sec. 5-9 Enautiomorphs 151 

axes of order 4p, is adequate for most purposes. It is especially to be 
noted, however, that the presence of simple axes of symmetry is not 
sufficient to ensure optical inactivity. 

From a purely logical point of view, the expression ^'alternating (or mirror) axis 
of order n” should not be used vvlum n is an odd integer. The reason for this hmita- 
lion is that, if n is odd, the composite ofMjration consisting of rotation by 360®/a 
about the axis, and of awbsequent reflection in a plane perpendicular to the axis, 
must be carried out altogethcT 2a times, and not merely n times, before the object 
is brought back to its original position- Monjover, the "alternating axis” under 
discussion, although it is tiius in one semse really of order 2n, is not at/ all the same 
thing as a true alternating axis of order 2n, sin(;e the rotation involved in its defini¬ 
tion is one of 360°/?i, rat her than one of 360®/2ri. For this reason, alternating axes 
of odd order are not ordinarily considered to exist; instead, the types of symmetry 
described above in terms of such axes arc most commonly defined by mi*ans of their 
(iomponents, namely, the res|x^ctive n-fold simple axes and th(^ planes of symmetry. 
Clearly, therefore, the terminology employed in the prc^ceding paragraphs is neither 
entirely correct nor <;omplet('ly in agreement with conventional usage; it has nevtM- 
theless been deliberately adopted her(% since it mak(5S possible a i)articularly simple 
and compact statement of the necessary and sufficient condition that an obje(?t bo 
identical with its mirror image, and hence of the necessary and sufficient condition 
that a substance be optically inactive. 

According to the most generally accepted terminology, an object is 
said to be dissymmetric if it is not supcrposable on its mirror image (i.e., 
if it contains no alternating axis of any order), and to be asymmetric if 
it possesses no element of symmetry whatever, except, of course, for the 
always-present 1-fold simple axes. An asymmetric object is necessarily 
also dissymmetric, but a dissymmetric object need not be also asym¬ 
metric, since it may p(3ssess a simple axis of rotation. For example, a 
flat square board with an ordinary right-handed screw driven into each 
corner may have a simple 4-fold axis if the screws are properly placed 
and aligned; it cannot, however, be identical with its mirror image under 
any circumstances, since its image would contain left-handed screws. 
It is, therefore, dissymmetric but not asymmetric. In discussions of 
stereoisomerism, the word ^‘asymmetric^' is often used loosely in places 
where “dissymmetric" is intended; in this book, however, the distinction 
will be obseiwed. 

5-9 Enantiomorphs. Among a group of stereoisomers, there may 
occur one or more pairs of substances with very closefly similar properties. 
The two members of any such pair have the same melting point and 
boiling point; they exhibit the same chemical properties in all optically 
inactive environments; they rotate the plane of polarization, under 
identical conditions, by equal amounts in opposite directions; and they 
resemble each other in the various other ways that will be discussed 
below in greater detail. Two substances related in this manner are said 
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to be enantiomorphs (or ayiiimers or optical antipodes) of one another. 
As was stated in Section 5-7, the individual molecules of either member 
of a pair of enantiomorphs are assumed to be identical with the mirror 
images of the molecules of the other member. In this section, the as¬ 
sumption thus made will be sho\vn to lead to a simple interpretation of 
many of the characteristic properties of pairs of enantiomorphs. 

In the first place, it may be noted that the relaitionship of an object 
to its mirror image is a perfectly definite and precise one, so that two 
objects either are, or else arc not, identical with each other^s mirror 
image. No further possibility exists; two objects cannot be both identi¬ 
cal with and different from each other’s mirror image at the same time, 
and they cannot be neither identical with nor different from each other’s 
mirror image. Correspondingly, the relationship of a substance to its 
enantiomorph is also a perfecitly definite and precise one, so that two 
substances either are, or else are not, enantiomorphs of each other. 
Again, no further possibilitj^ exists; two substances cannot be both enan¬ 
tiomorphs and non enantiomorphs of each other at the same time, and 
they cannot be neither enantiomorphs nor nonenantiomorphs of each 
other. This point may perhaps so(jm too obvious to deserve mention 
here; it will be of interest later, however, when attention is called to the 
lack of a similarly definite and precise distinction between optical and 
geometrical isomerism. (Cf. Section (M4.) 

A further feature of the relationship between an object and its mirror 
image is that every object must always have exactly one mirror image. 
This image is often, of course, identical with the original object, so that 
the two correspond to only one distinct geometrical form. It is im¬ 
possible, however, to imagine an object which has no mirror image at all 
(whether identical with itself or not), or one which has two or more non¬ 
equivalent mirror images. Correjspondingly, every substance may be 
associated with exactly one enantiomorph. This enantiomorph is 
often, of course, identical with the original substance, so that the two 
correspond to only one distinct, optically inactive compound; there is, 
however, no substance which can be shown to be incapable of having 
any enantiomorph at all (whether identical with itself or not), or which 
has two or more distinguishable enantiomorphs. 

. Although the relationship between an object and its mirror image is 
thus completely analogous to that between a substance and its enan¬ 
tiomorph, two features of the correspondence deserve special comment. 
The first of these is that an optically inactive substance, described above 
as idenl^ical with its own enantiomorph, is more commonly described in¬ 
stead as having no enantiomorph at all. It is readily seen, however, that 
the contradiction between these two manners of speaking is only ap- 
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parent, since the statement that a certain optically inactive substance 
has no enantiomorph really means merely that it has no enantiomorph 
other than itself. The second point to be discussed here is that very 
frequently onl}’^ one of a pair of nonidentical enantiomorphs is actually 
kno^\Ti. A large number of optically active substances are found in 
nature (for example, proteins, carbohydi^ates, tcrpenes, alkaloids); in 
many instancies, the enantiomorphs of the naturally occurring forms 
have never been obtained. However, there is every reason to suppose 
that, although the i)roduction of cert.ain ones of these missing enantio¬ 
morphs might be extremely difficult, or even impossible, in practice, 
nevertheless the substances should in principle be able to exist. In any 
event, expericmce has shown (cf. pages 230 f.) that, whenevc^r a sub¬ 
stance capable of optical activity is prepared from exclusively inactive 
reagents, and in the absence of any optically active catalysts, the prcxluct 
obtained is always completely racemic (i.e., it always consists of exactly 
equal amounts of the two active enantiomorphs). C'onsecpiently, it may 
be inferred that both enantiomorphs of even a protein or polysaccharide 
could be obtained if there could be found a method of preparation which 
employs only optically inactive reagents, and which does not require 
the catalytic effect of the optically active enz}nnes present in all living 
matter. (Cf. Section 7-3.) 

The various respects in which two enantiomorphs may differ, and the 
various other respects in which they must be identical, can be under¬ 
stood readily with the aid of the assumed mirror-image relationsliip be- 
tAveen such pairs of substances. In fact, the equal but opposite rotatory 
poAvers of enantiomorphs have already been explained in this way. (See 
Section 5*7, and also the folloAAung paragraph.) Moreover, by a con¬ 
tinuation of the line of reasoning developed in Section 5-7, the general 
conclusion can be draAAn that every property of any optically active 
substance must be (in the rather special sense discussed below) the 
mirror image of the corresponding property of its enantiomorph; or, in 
other words, that two enantiomorphs must be identical with respect to 
all those properties which are themselves identical (in this same sense) 
with their oAvn mirror images, and can differ with respect to only those 
other properties which are different from their mirror images. For ex¬ 
ample, the melting point of any substance may be considered identical 
Avith its OAvn mirror image, since the temperature at which the pure solid 
and pure liquid are in equilibrium must be the same whether the experi¬ 
ment is viewed directly or by reflection in a mirror. Consequently, two 
enantiomorphs must have the same melting point. In a similai\way, it 
can be shown that tAvo enantiomorphs must have also the same 
tension at any specified temperature, the same boiling point at any 
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specified pressure, the same density under the same conditions, the 
same solubility in any specified optically inactive solvent, the same rate 
of reaction with any specified optically inactive reagent (or reagents), the 
same equilibrium in their reactions with any specified optically inactive 
reagent (or reagents), and so on. 

On the other hand, as was pointed out in Section 5 • 7, the mirror image 
of a rotation of the plane of polarization by any specified number of 
degrees to the right (or left) may be considered to be a rotation by exactl}^ 
the same number of degrees to the left (or right). Consequently, under 
identical conditions, two enantiomorphs must rotate the plane of 
polarization by ecpial amounts but in opposite directions. Similarly, the 
mirror image of right (or left) (drcularly polarized light is identical, not 
with itself, but instead with left (or right) circularly polarized light. 
Consequently, two enantiomorphs may be expected to possess different 
optical properties (e.g., absorption spectra, indexes of refraction) when 
examined with circularly polarized light, but not when examined with 
ordinary light or even, except for the optical rotation, when examined 
with plane polarized light; conversely, the optical properties of a single 
optically active substance may be expected to be different with right 
and left circularly polarized light. The expected differences in spectrum 
have been observed experimentally {circular dichroism^ Cotton effect ^0 J 
the differences in index of refraction, although so small that their direct 
observation is difficult,^'^ are known ahvays to exist since the observed 
angle of rotation by an optically active substance can be shown to be 
proportional to the difference in the indexes of refraction for right and 
left circularly polarized light. Moreover, since an optically ac.tive 
solvent is not identical with its mirror image, the solubilities of two 
enantiomorphs in such a solvent need not be the same; differences of this 
sort are found in practice, however, to be too small to be observed. On 
the other hand, measurable differences have been found in the extents 
of adsorption of enantiomorphs upon optically active solid adsorbents,*^® 
and in the rates and equilibria of their reactions with optically active 
reagents. (See Sections 7*2 and 7*3.) Finally, the crystals of two 
enantiomorphs may be nonsuperposable mirror images of each other, 
although often they are symmetrical and have identical form. 

Whenever two enantiomorphs exhibit different physical or chemical 
properties of the foregoing types, the two corresponding experimental 
situations, as a whole, are neither identical with, nor mirror images of, 

^ A. Cotton, Ann. chim. [7] 8 , 347 (1896). 

^ Cf, W, Kuhn in K. Freudenlx'rg, Stereochemie, Franz Deuticko, Leipzig and Vienna, 
1933t pages 327 f. 

M. Henderson and H. G. Rule, Nature 141, 917 (1938). 
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each other. Thus, a sample of a dextrorotatory substance through 
which right circularly polarized light is passing is neither identical with, 
nor the mirror image of, a sample of the levorotatory enantiomorph 
through which the same right circularly polarized light is passing. This 
fact may be considered to provide the reason wliy (as stated above) the 
absorption spectra and indexes of refraction are different. On the other 
hand, the sample of dextrorotatory substance through which the right 
circularly polarized light is passing is the mirror image of a sample of the 
levorotatory enantiomorph through which left circularly polarized light 
is passing; (consequently, the same spectrum and index of rc^fraction 
must be observed. Similarly, the spectrum and index of refraction of 
the dextrorotatory substance for left circularly polarized light must be 
the same, respectively, as those of the levorotatoiy enantiomorph for 
right circularly polarized light. The same sorts of relationship hold also 
among all the other properties (discussed above) in which enantio- 
morphs may differ. 

5*10 Diastereoniers. Examples of stereoisomers which are not 
eiiantiomorphs of each other are well known. For example, the three 
stereoisomeric tartaric a(cids with structure I consist of a pair of enaii- 

HO 2 C—CHOH-CHOH—CO 2 II IIO 2 C—CH=CH—CO 2 H 

I II 


CIIOH 



CHOH CllOH 

I I 

CHOH CH—CH 2 OH 



III 


tiomorphs, knowm as (+)- and (—)-tartaric acid, and an optically in¬ 
active form, known as mcse-tartaric acid, which differs from the active 
forms in physical and (chemical properties. Moreover, the stereoisomeric 
maleic and fumaric acids with structure IT are both inactive, and no 
active isomer is known. Finally, the pyranose structure, III, of the 
aldohexoses permits altogether thirty-two stereoisomeric forms, di¬ 
visible into sixteen pairs of enantiomorphs; all are knoivn. As is shown 
by these examples, a group of stereoisomers may consist of some in¬ 
active and some active forms, or of only inactive forms, or of only active 
forms. 

No general term has been universally adopted for the description of 
the relationship between two stereoisomers which are not enantiomorphs 



156 


S tereoisomerism 


Sec* 5*11 


of each other. The word diastereomer (or diastereoisomer or diamer) is 
often applied to certain, but usually not to all, such pairs of substances. 
Thus, (+)-tartaric acid and mc.so-tartaric acid are considered diastereo- 
mers of each other, as are also any nonenaiitiomorphic two of the thirty- 
two aldohexoses; on the other hand, maleic and fumaric acids are not 
usually considered diastereomeric. The reason for this distinction is 
that the isomerism of the tartaric acids and of the aldohexoses is of the 
type known as optical, whereas that of maleic and fumaric acids is of the 
type known as geometrical (or ds-trans); most commonly, two non- 
enantiomorphic stereoisomers are said to be diastcreomers of each other 
only if they are optical isomers, and not if they are geometrical isomers. 
The distinction between these two kinds of stereoisomerism cannot be 
discussed here; it will, hoAvever, be taken up later. (See Section 6-14.) 
For the present, it may be mentioned only that this distinction is not at 
all sharp, since many pairs of substances ani both optical and geometrical 
isomers at tlie same time. For this reason, and also for purposes of 
brevity and convenience, the word ^‘diastereomer^^ will be used through¬ 
out the remainder of this book to designate any nonenantiomorphic 
stereoisomer. Thus, even fumaric and maleic acids will be described as 
diastereomcrs of each other. It is to be noted, however, that this 
terminology departs somewhat from the most common usage. 

Unlike cnantiomorphs, diastcreomers (in the broad sense just defined) 
need not have closely similar physical and chemical properties. Indeed, 
they may differ as greatly as do structural isomers. The explanation of 
this fact is that two systems formed from diastereomeric substances 
cannot be either identical with, or mirror images of, each other under 
any conceivable circumstances. Thus, each of the optically active 
tartaric acids melts at 187®C, whereas mcso-tartaric acid melts at 143 ®C; 
maleic acid melts at 130.5°C and loses water at 160°C to form an an¬ 
hydride, whereas fumaric acid melts at 287and forms no anhydride, 
except under such vigorous conditions that it is transformed into the 
anhydride of maleic acid; the two diastereomeric bromomalic acids with 
structure IV are hydrolyzed in basic solution at rates which differ by a 

HO^C—CHOH—CHBr—CO 2 H 

IV 

factor of more than a thousand; and at 18°C the first ionization constant 
of either (+)- or (—)-tartaric acid is approximately 1.2 X 10““^, whereas 
that of m^so-tartaric acid is approximately 0.78 X 10“^. Further 
similar examples could be given almost without limit. 

5 • 11 Mesa Forms. As with the tartaric acids, it frequently happens 
that a set of stereoisomers contains both optically active and optically 
inactive members. The inactive members of such sets are frequently 
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distinguished from their active isomers by being called meso forms. 
This is, of course, the significance of the name “meso-tartaric acid.” 
Meso forms are often referred to as internally compensatedy since their 
individual molecules can (in thought) be divided into two halves, each 
of which is dissymmetric and the mirror image of the other half; the 
rotatory powers of these two halves therefore exactly cancel each other, 
so that the entire molecule is inactive. (However, see pages 191 f.) 
Like any other optically inactive substance, a meso form must consist 
of molecules which are identical with their own mirror images, and 
which therefore contain alternating axes of some order. 

5*12 Racemic Modifications. An equirnolecular mixture of two 
enantiomorphs is, of course, optically inactive; such a mixture is known 
as a racemic modification, A racemic modification is sometimes said to 
be externally compensated. (Cf. the internally compensated meso forms.) 
Any process by which an optically active substance is transformed into 
the corresponding racemic modification is known as a racemizaiion; con¬ 
versely, any process by whicjh a racemic modification is separated into 
the two enantiomorphs is known as a resolution, (Further discussion, 
with examples, of both racemization and resolution is given in the fol¬ 
lowing chapters.) 

A solid racemic modification, like any other similar mixture of dif¬ 
ferent substances, may belong to any one of three distinct types. In the 
first place, it may be a conglomerate or racemic mixturCy consisting of 
separate, although usually indistinguishable, crystals of the two enan¬ 
tiomorphs; in the second place, it may be a solid solution (sometimes 
called a pseudoracemic mixed crystal), consisting of a single homo¬ 
geneous phase in which the molecules of the two enantiomorphs are 
distributed more or less at random; and finally, it may be a compound or 
racemate, formed between the two enantiomorphs. 

The three possibilities may be experimentally distinguished in several 
different ways. One of the theoretically simplest of these ways requires 
the use of melting-point-composition curves in the usual manner.^ The 
procedure consists in plotting the melting points of mixtures of the two 
enantiomorphs against the composition. In this way, curves of the 
types shown in Figures 5-10, 5-11, 5-12, and 5-13 could be obtained. 
Figure 5*10 shows the nature of the results to be expected if the racemic 
modification is a conglomerate or mixture. The composition at which 
the melting point is lowest must then correspond to the racemic mixture 
itself, containing exactly equal amounts of the two enantiomorphs; as 
in any such diagram, this composition is that of the eutectic mixture. 
Figure 5-11 shows the relation between melting point and composition 

«<H. W. B. Rooaeboom, Z. phynk. Chem, 28, 494 (1899). 
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which obtains if the racemic form is a solid solution. The curve need 
not, however, be perfectly horizontal, as in this figure, since it could 
either rise to a low maximum or descend to a shallow minimum at the 
midpoint; there can, however, be no sharp minimum (as in Figure 5-10) 
whicli would correspond to a eutectic. Figures 5 12 and 5*13 show two 



(+) (~) 

Figure 5 10. Melting-point- 
composition curve for a pair of 
enantiomorphs which form a con¬ 
glomerate' or mixture. 


T\ 


100 ^ 100 ^ 

(+) (-) 


P'lGURE 5 11. Melting-point- 
composition curve for a pair of 
enantiomorphs which form a 
solid solution or mixed crystal. 


different possibilities that could arise if a compound, or racemate, were 
formed between the enantiomorphs. In Figure 5*12, the compound 
melts at a higher temperature, and in Figure 5‘13 it melts at a lower 
temperature than does either optically pure enantiomorph; in each of 
these last two curves, there are two sharp minima, which correspond. 



Figure 5 12. Melting-point- 
composition curve for a pair of 
enantiomorphs which form a 
/wfir^er-melting compound or race- 
mate. 



Figure 5 13. Melting-point- 
composition curve for a pair of 
enantiomorphs which form a 
Zotcer-melting compound or rac¬ 
emate. 


respectively, to the eutectics between the compound and the two enan¬ 
tiomorphs. 

Another important method by which racemic mixtures, solid solutions, 
and compounds can be distinguished, but which need not be described 
further here, is based upon the study of solubility relationships.^* 

G. Bruni, Chxzz. chim, iUU» 30, 35 (1900). 
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In one way or another, examples of all possible types of racemic mod¬ 
ifications have been discovered. Sodium ammonium tartrate forms a 
conglomerate at temperatures below about 27°C, and a compound at 
higher temperatun^s. On the other hand, with rubidium tartrate, the 
compound is stable below about '40°C, and the mixture is stable above 
that temperature. The two enantiomorphic forms of camphor oxime, 
I, form a continuous series of solid solutions which, regardless of the 
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composition, melt at a constant temperature of 118°C, as in Figure S* 11 ; 
at temperatures below 103 °C, however, the solution changes to a com¬ 
pound. Carvone o.xime, II, likewise forms a scries of solid solutions, 
which, however, have a maximum melting point when equal amounts 
of the dextro- and levorotatory forms are present. Racemic dimethyl 
tartrate, HI, and mandelic acid, IV, are compounds which melt at 
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higher and at lower temperatures, respectively, than do the optically 
pure enantiomorphs (as in Figures 5 • 12 and 5 • 13, respectively); whereas 
racemic N-benzoyltetrahydroquinaldine, V, is a compound which melts 
at almost exactly the same temperature as do the enantiomorphs. In 
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general, racemic compounds appear to be more common than either 
conglomerates or solid solutions. 

Evidence regarding the existence of racemic compounds in the liquid 
state is not completely conclusive. Probably the most reliable way of 
studying this question involvt^s the examination of the extent to which 
the maximum in the melting-point-composition curve is rounded. In 
general, the more rounded this maximum is, the greater is the dissocia¬ 
tion of the compound into its components in the liquid phase at the 
melting point. In this way, the dissociation has been estimated in 
several instances to be appreciable, but not complete.^® Such a method, 
however, can provide no information regarding the degree of dissociation 
at temperatures much above the melting point. Determinations of the 
apparent molecular weights of racemic forms in solution have been con¬ 
sistent with the assumption of complete dissociation under such cir¬ 
cumstances (except in so far as substances containing free hydroxyl 
or amino groups, or the like, are associated as a result of the presence of 
intermolecailar hydrogen bonds. Cf. Section 2 • 6.) On the other hand, 
the fact that the color of Fehling's solution that is made from racemici 
tartaric acid is appreciably different from the color of an equivalent 
solution which is made from dextrorotatory tartaric acid^^'^* strongly 
suggests that, in racemic Fehling’s solution, the enantiomorphic forms 
are in some way combined with each other. There is, however, no evi¬ 
dence which supports the existence of gaseous racemic compounds.^® 

Occasionally, a racemic modification is spoken of as a definite substance, as if it 
were distinguishable from the enantiomorphs of which it is (jomposed. Such a mode 
of description is, however, not really correct. If the racemic modification is a com¬ 
pound, it has a greater molecular weight than docjs either enantiomorph, and so it 
is not strictly an isomer of the enantiomorplis; on the other hand, if it is not a com¬ 
pound, then it is not a single pure substance, but a (stoichiometric) mixture of the 
two enantiomorphs. Although, in the latter event, the racemic modification might 
be described as a stcrcostoichiomer, and hence also as a stereoisomer (see page 130), 
of the enantiomorphs, such a description would be both inconvenient and confusing. 
Consequently, in this book, racemic modifications will not be treated as additional 
stereoisomeric forms. 

A racemic modification can conveniently be designated by any one 
of the prefixes r-, dZ-, bl-, or (±)-. Thus, racemic tartaric acid is, re¬ 
spectively, r-tartaric acid, dZ-tartaric acid, DL-tartaric acid, or (d=)- 
tartaric acid. All four representations are encountered in the current 
chemical literature. 

J. D. M. Hoss and I. C. Somerville, J, Chem. Soc. 1926, 2770. 

^ See, for example, R. Anschiitz, Ann. 247, 111 (1888); P. Frankland and R. H, Pickard, 
J, Chem, Soc. 69, 123 (1896). 

2* A. Byk, Z, phyaik. Chem. 49, 041 (1904); Ber. 37, 4696 (1904). 

^See, for example, R. Anschiitz, Ber. 18, 1397 (1885). 
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6*1 The Tetrahedral Carbon Atom. The above extremely gen¬ 
eral considerations require no assumptions in regard to the exact geo¬ 
metrical forms of the molecules under discussion. Such assumptions 
become necessary, however, when the attempt is made to account for 
the observed numbers of stereoisomers corresponding to each structural 
formula. The first successful theory based upon explicit geometrical 
assumptions was brought forth simultaneously and independently in 
1874 by vanT Iloff ^ and by Le BeL- (Cf. Section 5*1.) The ideas of 
vanT Hoff were somewhat more definite than were those of Le Bel, but 
they differed in no respect important to this discussion. The following 
development does not follow very closel}^ cither van’t Iloff^s or Le Bel's 
treatment; its purpose is instead to present the fundamental principles 
in logical, and not nec(\ssarily in historical, order. 

For the molecular formula CH 4 , only the single structure I can%e 
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drawTi if, as usual, carbon and hydrogen are considered to be, respec¬ 
tively, quadrivalent and univalent; and only the single substance, 
methane, is known. Similarly, for the formula CH 3 CI, only the single 
structure II can be drawn, and only the single substance, methyl chlo¬ 
ride, is known. Now, if one hydrogen atom in methane were in any re¬ 
spect different from any one of the others, the substance produced by 
the replacement of the first hydrogen atom by a chlorine atom should 
be different from the one produced by the replacement of the second hy¬ 
drogen atom. Consequently, at least two distinct substances CH 3 CI 
should exist. The fact that only one such substance is Icnown strongly 

^ J, H. van’t Hoff, BvXl. boc, chim, [2] 23 , 295 (1875); The Arrangement of Atoms in Space^ 
2nd ed. (translated by A. Eiloart), Longmans, Green, and Company, London, 1898. 

2 J. A. Le Bel, Btdl soc, chim, [2] 22 , 337 (1874). ^ 
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suggests, therefore, that all four hydrogen atoms of methane are com¬ 
pletely equivalent to each other, not only structurally (cf. Section 4-1), 
but also geometrically. 

Alternative interpretations of the existence of only one substance with 
the formula CH3CI can be imagined. Thus, it might be that several dif¬ 
ferent substances with this formula are theoretically possible, but that 
only one is stable enough to be isolated; or it might be that the various 
substances are too closely similar in all their properties to be separated 
or distinguished from one another; or it might be that additional isomers 
could be obtained if only suitable methods of preparation could be dis¬ 
covered; and so on. At one time, chemists made serious efforts to 
establish beyond question the complete equivalence of the four hydrogen 
atoms of methane. Thus, in various series of reactions, they replaced 
these atoms systematically and one at a time; they hopc^d to prove in 
this way that, no matter which hydrogen atom is replac^ed by a given 
substituent atom or group, the same product results. It is now recog¬ 
nized, however, that this work was of no significance, because it involved 
the implicit assumption that, in a chemical reaction, the principle of 
minimum configurational, as Avell as stru(;tural, change is valid. As will 
be discussed later in much greater detail (see Section 7*8), the phe¬ 
nomenon known as the Walden irvvermm shows conclusively that such 
an assumption is absolutely inadmissible. Howeviir, as a matter of 
historical interest, the reaction map of Figure 6*1 is given here in order 
to show the reactions employed in the ‘‘proof^^ that only a single nitro- 
methane CH3NO2 can exist.^ In this map, the positions in space of the 
four substituents joined to the central carbon atom are designated 
schematically in the plane figures as to the right of, to the left of, above, 
and below the carbon atom, respectively. The true geometrical signifi¬ 
cance of the four positions thus represented is not involved in the argu¬ 
ment. 

As a matter of fact, oven if the principle of minimum configurational change were 
valid, the above proof would still be incomplete, since there would them be no assur¬ 
ance that, in thci reaction which gives tricarb(Xjthoxymethane, at the lower left-hand 
corner of the map, the hydrogen atom replaced by the carbocthoxyl group is the one 
stated; or, in other words, that it is the same one which is replaced in the reaction 
which gives chloromalonic ester, at the lower right-hand corner of the map. 

.The most satisfactory evidence supporting the belief that all the hy¬ 
drogen atoms of methane are equivalent is doubtless the fact that, in 
spite of the tremendously large number of known organic compounds, 
there has never been encountered more than one substance CH 3 R, where 
R is any specified atom or group unless, of course, R is sufficiently com- 

•-ii. Henry, Compt, rend, 104 , 1106 (1887). 
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Figure 6-1. Kcactions carried out in the attempt® to prove the cijuivalences of 
the four hydrogen atoms in methane. 


plex to permit isomerism within itself. Thus, there is only one CH 3 CI 
or CH 3 NO 2 (as has already been mentioned), only one CH 3 F, only one 
CHsBr, only one CII 3 I, only one CH 3 CO 2 H, only one CH 3 —CII 3 , and 
so on almost without limit. For this reason, no chemist now seriously 
considers the possibility of nonequivalent hydrogen atoms in methane. 
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The requirement that all four hydrogen atoms of methane be geo¬ 
metrically eciuivalent restricts the atomic arrangements to the following: 

(1) The hydrogen atoms might lie at the comers of a rectangle, with the 
carbon atom at the center, as in diagram III. The dotted lines outlining 
the rectangle are given only for the sake of clarity; they do not represent 
valence bonds of an}^ kind. This model is known as the planar model. 

(2) The hydrogen atoms might lie at the corners of the base of a square 
pyramid, with tlie carbon atom at the apex, as in diagram IV. It should 
be noted that, if the base of the pyramid were rectangular rather than 
square, two ('iiantiomorphic forms of eadi monosubstituted derivative 
CTlaR would be possible. Such a configuration can therefore be ex¬ 
cluded. The dotted lincis are again giv^en only for the sake of clarity. 
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This model is known as the pyramidal model. (3) The hydrogen atoms 
might lie at the corners of a tetrahedron, with the carbon atom in the 
center, as in diagram The dotted lines which outline the imaginary 
tetrahedron are given, as before, only for the sake of clarity. A more 
convenient, but equivalent, n^presentation of this so-called tetrahedral 
model, which is employed throughout the remainder of this book, is 
shown in diagram VI. The two broken lines here represent valence 
bonds to hydrogen atoms lying behind the plane of the paper; the two 
heavy lines represent bonds t o hydrogen atoms lying in front of the plane 
of the paper. The eciuivalencc of the hydrogen atoms does not require 
that the tetrahedron be a regular one, just as, in the planar model, it 
docs not require that the rectangle be a square; only certain, rather sym¬ 
metrical, types of tetrahedron, however, are satisfactory. 

It is porhfips not entirely logical to distinguish the configurations IV and V (or 
VI) by the respective designations ^^pyramidal” and “tetrahedral/’ since a tetra¬ 
hedron is merely one special kind of pyramid (i.o., a triangular pyramid). Conse¬ 
quently, both the configurations IV and V (or VI) are really pyramidal. Through¬ 
out this book, however, a configuration will be described as pyramidal only if the 
multivalent atom is to b(^ regarded as l>ing at an apex of the pyramid, and never if 
tliis atom is to be regarded as located instead at the center of the pyramid. This 
arbitrary dlstini^tion is here made in order that conventional terminology may be 
followed to the greatest possible extent. 

The decision among the planar, pyramidal, and tetrahedral models is 
made possible by a consideration of the numbers of isomeric substances 
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CH2RS, where R and S represent any two specified, but not necessarily 
different, atoms or groups. Only one known substance, methylene chlo¬ 
ride, corresponds to the formula CH2CI2; only one, chloroacetic acid, 
corresponds to the formula CH2CI—CO2II; and so on. For no formula 
of this type is more than a single substance known unless, as before, the 
groups R and S permit isomerism within themselves. Now, the planar 
model would lead to the three distinct spatial arrangements, or con¬ 
figurations, VII, VIII, and IX, of which VII and VIII are identical if the 
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rectangle is a square. Since, however, the configuration DC cannot be 
identical with VII or VIII under any circumstances, this model requires 
the existence of at least two stereoisomeric forms and so can be excluded 
from further consideration. 

It might be suggested that methane does indeed have the planar con¬ 
figuration, but that, in the derivative CH2RS, transition among the 
configurations VII, VIII, and IX is easy. The existence of only a single 
isolable substance CII2RS would then be explained, but the existence 
of stereoisomers in those other instances in which they do occur could 
not be explained. Consequently, this alternative interpretation can 
here be ruled out, although one analogous to it will be invoked later in 
connection with the stereochemistry of trivalent nitrogen. (See Section 
8 * 2 .) 

The pyramidal model, like the square planar one, might be expected 
to permit two stereoisomeric substances CH2RS since, corresponding to 
this molecular model, the two configurations X and XI are possible. If 
R and S are not identical, however, the configuration X is dissymmetric, 





and so its nonsuperposable mirror image (enantiomorph), XII, repre¬ 
sents still a third stereoisomer. Since isomerism has never been observed 
with structures of this type and, since, moreover, optical activity has 
never been encoimtered, the inference can be drawn that the pyramidal 
model also is incorrect. Again, the assumption of an easy transition 













166 The Configurations of Carbon Compounds Sec. 6*1 

among the configurations X, XI, and XII cannot be reconciled with the 
occurrence of stereoisomerism in other instances. 

Only the tetrahedral model remains. If the tetrahedron is regular, 
this model permits only a single substance CH2RS, whether R and S are 
identical or different. (Once more, R and S must be assumed not to 
allow isomerism within themselves.) In particular, the configuration 
XIII is symmetrical, since it has a plane of symmetry passing through 

H CO2II CO2H 

I I I 

ii.-a-oii iio—c—H 

I I I 

II CTIa CHs 

XIII XIV XV 

R, S, and C; hence no optical activity is possible, and no enantiomorphs 
can exist. The regular tetrahedral model is therefore consistent with the 
experimentally obseiwed numbers of isomers. The irregular tetrahedral 
model, on the other hand, permits too many isomers and so can be ex¬ 
cluded. 

The regular tetrahedral model is therefore the only one that is in 
agreement with the observed numbers of isomers; consequently, it must 
be considered correct. Confiimation of this model is provided by the 
fact that it correctly predicts the occurrence of optical activity, and 
hence also the existence of enantiomorphs, with substances of formula 
CPRST, where no two of the atoms or groups P, R, S, and T are identical. 
Lactic acid CII3—CHOII—CT)2lI, for example, occurs in enantio- 
morphic dextro- and Icvorotatory forms (and also, of course, as an 
optically inactive racemic modification). For the molecules of these 
substances, the nonsuperposable, mirror-image configurations XIV and 
‘ XV are possible. One of these configurations must therefore represent 
the molecule of the dcixtrotatory lactic acid, whereas the other must 
represent that of the levorotatory form; however, there is at present no 
way of deciding with complete certainty which configuration belongs to 
which isomer. (Cf., however. Section 7 * 13 .) The existence of the two 
stereoisomeric lactic acids shows that the spatial configuration about a 
carbon atom is stable, and that the above suggestion of an easy inter¬ 
conversion among the configurations can be ruled out. 

• The conclusions reached above have recently been confirmed by vari¬ 
ous kinds of physical evidence. Studies of spectra ^ and of x-ray ® and 

* See, for example, G. Herzberg, Infrared and Raman Spectra of Polyatomic Moleculest 
D, Van Nostrand Company, New York, 1945. 

®See, for example, W. H. Bragg and W. L. Bragg, Proc, Roy, Soc, (London), A89, 277 
(1913); F. J. Llewellyn, E. G. Cox, and T. H. Goodwin, J, Chem. Soc, 1987, 883. 
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electron ® diffraction have sliown that a saturated carbon atom is indeed 
tetrahedral, in the sense that the four single bonds which it forms are 
directed toward the (comers of a tetrahedron, of which it occupies the 
center. The tetrahedron itself, of course, is only an intellectual con¬ 
struction without physical reality. Moreover, the tet rahedron has been 
foundto be regular (or very nearly regular), so that the angle be¬ 
tween any two of the single bonds that are formed by the central carbon 
atom has the so-called tetrahedral value of 109 ° 28 ' (or very nearly that 
value). When the four atoms or groups joined to the carbon atom are 
of the same kind, as in methane CIU or carbon tetrachloride CXJ^, the 
tetrahedron seems always to be strictly regular; but, when the atoms or 
groups are not of the same kind, as in methylene chloride Cn2Cl2, small 
distortions may occur. Tims, in methane^ and carbon tetrachloride,® 
each H -C— II and Cl —C—Cl bond angle, respectively, is exactly 
109 ° 28 '; but in meth.yl(»ne chloride,®*" the Cl—C—Cl angle is found in¬ 
stead to be about 112°. I^he spreading of the angle here can be explained 
on the assumption that the repulsion between the relatively large chlo¬ 
rine atoms is greater than either that between the chlorine atoms and the 
much smaller hydrogen atoms or that between the two hydrogen atoms. 

As mentioned above, an irregular tetrahedral model would apparently 
allow the existence of a greater number of stereoisomers than is ob¬ 
served ; nevertheless, it may be presumed that no small distortion of the 
type found in methylene chloride can give rise to a greater number of 
isomers than could be accounted for by the perfectly regular model. 
This conclusion follows because all the various configurations which ap¬ 
pear to be permitted by the irregular model are so nearly identical that, 
at every instant, an appreciable fraction of the molecules must have 
enough energy to undergo the transition from any one form to any other. 
(Cf. Section 6*6 for a more detailed discussion of the rather analogous 
situation which arises in connection with free rotation.) Moreover, since 
the distortion of the tetrahedron in methylene chloride is presumably 
due primarily, as was just noted, to the mutual repulsions of the two 
chlorine atoms, the one observed configuration (in which the chlorine- 
chlorine distance is greater than it would have been if the tetrahedron 
were not distorted) must be considerably more stable than is any other 
configuration (in which that distance is smaller than it would have been 
if the tetrahedron were not distorted). 

It is not strictly correct to speak of the atoms in a molecule as if they occupy 
definitely fixed positions; for, as is now known,* the atoms are coastantly vibrating 
with respect to one another aboCit their positions of minimum potential energy. 

® See, for example, L. O. Brockway, (a) Rev, Modem Phys. 8, 231 (1930); (Jj) J, Phys, 
Chem, 41, 747 (1937). 
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The bond angles and interatomic distances, which are mentioned both here and 
below, therefore oscillate slightly, but very rapidly, about their respective average 
values. The molecular shaj)es and sizes, whether they are derived by studies of 
isomer numbers or by physical methods, riifer of course to these average bond angles 
and interatomic distan<;es. 

6*2 Asymmetric Carbon Atoms. A carbon atom is said to be 
asymmetric if it is joined to four nonequivalent atoms or groups. Thus, 
of the three carbon atoms in the above-mentioned lactic acid (con¬ 
figurations XIV and XV on page 166 ), the central one is seen to be asym¬ 
metric. (The terminology here is correct since an ^'asymmetric'^ carbon 
atom possesses no element of S3anmetiy and so is actually asymmetric, 
and not merely dissymmetric.) The majority of all known optically 
active substances consist of molecules which contain one or more asym¬ 
metric carbon atoms. However, the presence of such atoms is neither 
necessary nor sufficient for optical activity. As will be discussed later 
in this chapter, many substances which contain no asymmetric atoms 
are active; and, conversely, many others which do contain asymmetric 
atoms are inactive. Optical activity is caused by the dissymmetry of 
each individual molecule as a whole; the presence or absence of asym¬ 
metric atoms is important only in so far as it determines the symmetry 
or dissymmetry of the molecules. 

It is of interest to consider the question how similar two atoms or 
groups may be without destruction of the asymmetrj^ of a carbon atom 
to which they are attached. Structurally isomeric groups are found to 
be sufficiently different to permit asymmetry, as is shown, for example, 
by the obseiwed optical activities of the hydrocarbon, I,^ and alcohol, 


CH3 

u 

H—C— CII2CH2CH2CH3 
CH2CH(CH3)2 


CH 2 CH 2 CH 3 


H—C—OH 

CH(CH3)2 


II 


II.* In the former substance, the asymmetric carbon atom, designated 
by the asterisk, carries both a n-butyl and an isobutyl group; in the lat¬ 
ter, it carries both a n-propyl and an isopropyl group. Structurally 
identical but configurationally isomeric groups are likewise sufficiently 
different to permit the occun*ence of stereoisomerism, although not al¬ 
ways of optical activity. Further discussion of such situations must, 
however, be postponed until later. (See Section 6 - 10 .) 

Two atoms of different elements are clearly nonequivalent in the sense 

A. Levene and R. E. Marker, Bid. Chem. $2, 455 (1931). 

® P. D, Bartlett, M. Kuna, and P. A, Levene, J, Biol, Chem, 118, 503 (1937). 
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now under discussion. However, two atoms of different isotopes of the 
same element are much more similar, and it is not certain wlK^thcr they 
are sufficiently difierent to permit retention of the asymmetry of an 
atom to which they are attached. A number of attempts have been 
made ® to prepare an optically active substance, the molecules of which 
owe their dissymmetry to the difference between hydrogen and deute¬ 
rium. All such attempts have failed.®*^ On theoretical grounds, how¬ 
ever, it may be presumed that substances of this type should neverthe¬ 
less be active, even though their optical rotations might be too small to 
be observable by present methods. 

6*3 The Configurations of Olefinic Compounds, van’t Iloff 
assumed that the carbon atoms in unsaturated c.ompounds have the 
same tetrahedral form as do those in the saturated substances. The con¬ 
figuration of ethylene thus becomes I. If this configuration is correct. 



X 


the six atoms in the molecule lie in the same plane (the plane of the paper 
in diagram I), the H—C—H bond angles have the tetrahedral value of 
109° 28', the C—C—angles (or, more precisely, the anglejs between 
the carbon-hydrogen bonds and the straight line passing through the 
carbon atoms) is 125° 10', and the carbon-carbon distance is 0.58 times 
that in ethane CH3 — CII3. 

Although erroneous in some respects (sec below), vanT Hoff's con¬ 
figuration of ethylene is correct in all essential stereochemical details. 
In particular, it leads to correct predictions of the numbers of stereo- 
isomeric forms of suitably substituted ethylenes. Indeed, its stereo- 
chemically significant features can be deduced dirc(jtly, but not quite 
rigorously (see Section 6-4), from considerations of isomer number alone, 
and without reference to the tetrahedral carbon atom. As in the above 
discussion of the saturated compounds, the assumption must be made 
here also that, for each stnictural formula considered, all the theoret¬ 
ically possible stereoisomers are known. The fact that ethylene is the 
only known substance with the molecular formula C 2 H 4 shows that the 
lines bisecting the two H— C —II angles must lie along continuations of 
the line joining the carbon atoms; otherwise, at least two stereoisomeric 

• See H. C, Brown and C. Groot, J, Am, Chem, Soc, 64, 2563 (1942), and further refer¬ 
ences given there. 

^ However, see E. 11. Alexander and A. G. Pmkua, J, Am. Chem. Soc, 71, 1786 (1949), 
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substances, with configurations like II and III, should be possible. (For 
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the sake of both simplicity and generality, the geometrical arrangement 
of the two bonds constituting the double bond is here not indicated 
explicitly.) Moreover, the planes defined by the two C"H 2 groups must 
be either identical with, or at right angles to, each other, since otherwise 
the molecule would be dissymmetric and the substan(*e would be op¬ 
tically active. Finally, the decision between the planar and perpen¬ 
dicular models can be made by a (consideration of the nature of the iso¬ 
meric substances with structure IV, in which, as before, R is any spec- 


RCH=CHR 
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ified atom or group whicli does not permit isomerism within itself. The 
planar model permits the two configurations V and VI, whereas the per¬ 
pendicular model permits the configurations VTl and VllL Now, the 
configurations V and VI must represent optically inactive diastereomers 
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the other hand, the configurations VII and VIII must repn^semt a pair 
of enantiomorphs since they are nonsupcrposable mirror images of each 
other. In the particular case in which R is the carboxyl group CO 2 H, 
two substances, fumaric and maleic acids, are known; as was stated 
above (Section 5*10), each of these acids is optically inactive, and the 
two differ markedly in nearly all their properties. Consequently, they 
must be diastereomers and cannot be enantiomorphs. Since numerous 
further examples of similar type are known, and since optical activity 
has never been encountered in substances with structure IV, unless R 
represents a dissymmetric group, the planar model must be correct, as 
was assumed by vanT Hoff. 
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From considerations of isomer numbers alone, no information can be 
obtained regarding the values of the bond angles or of the interatomic 
distances in ethylene and its derivatives (see the following paragraph); 
consequently, the angles and distances derived from van^t Hofif^s con¬ 
figuration, with the tetrah(idral carbon atoms, cannot be verified by 
purely chemical procedun^s. Recent physical investigations'* have 
shown, however, that it is precisely in such respects that van^t Hoff's 
model is incorrect. Thus, in ethylene, the H—C—II and C—C—H 
angles are more nearly equal to 120° than to 109° 28' and 125° 16', re¬ 
spectively, and the carbon-carbon distance is more nearly 0.87 than 0.58 
times that in ethane. Moreover, the modem quantum-mechanical 
picture of the double bond is rather different from that provided by 
the tetrahedral model, I. Nevertheless, these defects in no Avay limit the 
usefulness of the simple model for the prediction and interpretation of 
the observed numbers of stereoisomers. 

Tlio impossibility of dtitermiiiing, by th(i classical skirooclicmical methods, the 
exact valuers of (uth('r t he bond angles or the bond lengths in cthsdeiie becomes espe¬ 
cially api)ar('nt if it is r(\aIiz(Hl that the further planar configuration, IX, is also 



IX 


eiilir(*ly consistent with tlu^ obstTved isomer numbers. This configuration is super- 
ficdally very different from van’t Hoff’s original configuration, I, and also from the 
slightly modified one derived by the physical methods just mentioned. Neverthe- 
h^ss, all three configurations are stereochemically equivalent, since they all lead to 
the same predicted isomer numbers. 

6*4 An Alternative Model of Ethylene.^^ An interesting alternative model of 
ethylene is one where the four hydrogen atoms lie at the corners of a rectangle (w’hich 
is 7iot a square); and where the two carbon atoms lie at equal distances from, but on 
opposite sides of, the plane defintjd by the hydrogen atoms. The line joining the 
carbon atoms passes through the center of the rectangle and is perptmdicular to 
its plane. The assumed sliapci of the molecule can then be described as a some¬ 
what irnigular octahedron; it can be represented by the figure obtained when two 
equal rectangular pyramids an^ placed base to base. The hydrogen atoms are 
located at the four corners of the rectangular *‘girdle^' of this figuri), whereas the 
carbon atoms are located at the t wo remaining corners. If this model were correct, 
t he molecule could have any one of the four apparently nonequivalent configurations 

E. Htickel, Z, Physik 60, 423 (1930); W. G, Penney, Proc. Hoy, Soc, (London) A144, 
166 (1934); A146, 223 (1934). 

The author is indebtiKl to Professor J. K. Senior for calling his attention to this in¬ 
teresting model. 
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1, II, III, and IV, in which the dotted lines serve merely to outline the figures, and 
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in which only the full lines rt'present valence bonds. (It is somewhat ambiguous 
wdiether these diagrams should be called “configuratioiLs’^ or “structures.^') In 
diagram I, each carbon atom is bond(‘d to two hydrogen atoms at the ends of a short 
side of the rectangular girdle; in II, each carbon atom is bonded to two hydrogen 
atoms at the (‘iids of a long side of the girdle; and in III and IV, each carbon atom is 
bonded to two diagonally opposite hydrogen atoms. These last two diagrams arc 
dissymmetric, and an' mirror images of one another. 

Clearly, this alternative model is not in agreement with the facts, since only a 
single, optically inactive form of ethyleiK' is known. Moreover, even though this 
objection could be answ(^r(‘d by the assumption that all forms except, say, the sym¬ 
metrical one, 1, are unstable and hence cannot exist, several further difficulties still 
remain. Thus, if ethylene were really describable by diagram I, then every mono- 
substituted ethylene (Tl 2 =Cini should be si'parable into the two enantiomorphic 
forms V and VI. Moreover, if ethylene were describable by the likewise symmetrical 



diagram II, rather than by I, the situation would be completely analogous. Since 
no compounds of this type liave ever been resolved, unless the substituent R is 
itself dissymmetric, the unavoidable conclusion is that no oim' of the diagrams I-IV 
can represent ethylem*. 

The reader may have wondenjd w'hy such an unlikely and generally unsatisfactory 
model of ethylene has been mentioned here at all. The reason is that, if the valence 
bonds are considered (in the sense defined below) to be not rcal^ then the model 
under consideration turns out to be indistinguishable, by any method making use 
only of isomer numbers, from the jjlanar one, VII, which was proposed by van't Hoff 


H II 
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VII 


(cf. Section 6-3), and which is now considered to be correct. (However, see the 
next-to-last paragraph of this section.) Now, diagrams I-IV differ from one another 
only in the positions of the valence bonds, and not at all in those of the individual 
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atoms; in other words, the hypothetical molecules to which they refer are made non- 
superposable, and hence nonequivalent, only by their diffen^KJOS in the positions of 
the bonds. Consequently, if theses differences were considered not to be significant,, 
the four diagrams would be equivalent and therefore capable of representing the 
one known, and optically inactive, form of ethylene. Moreover, the two enantio- 
morphic diagrams, V and VI, would then likewise be equivalent, and therefore 
similarly capable of represtmting the one known, and optically inactive, monosub- 
stituU^d ethylene CH 2 =Cini. Thus, by the assumption that the bonds are not 
real (i.e., by the assumption that it Ls imnia<x3rial wliich pair of atoms is linked by 
each bond), the alternative model of ethylene is brought into agroem(?iit with the 
observed numlxirs of isoiiKiiic unsubstitut,ed and monosubstitut c^d ethylenes. 

It may, of course, be argued that the positions of the valence bonds cannot legiti¬ 
mately be ignored, since th(?y njpresent positions of ndatively high average clec- 
t.ronic density (see Section 1-8), and since tlu^y therefore have definite physical 
significance. This objection is, however, not valid. Although, for example, the 
four diagrams I-IV must represent four different distributions of electronic charge, 
they are so closely similar that tiiey can hardly correspond t o four separable and dis¬ 
tinguishable isomeric substances. (See Section 4 ■ 4 for a discussion of t he analogous 
problem presented by the nonoiuturrence of all the isomeric disubstituted benzenes 
CeHiRS, which are apparently required by the l\ekul6 stru(4,ure.) From an elemen¬ 
tary viewpoint, which is now somc^what out of date, the four substance's T-IV would 
be expected to exist in an extn'imdy mobile tautomeric equilibrium with one another 
(cf. Chapter 14); from a more recent, and presumably Ix'tter, viewpoint, only a single 
substance witli a charge distribution intermediate among those repr(\sentcd by the 
diagrams T-IV could exist. (See Chapter 10.) In either event, each of the two 
carbon atoms would necessarily (at least, on the average) be related in exactly the 
same way to eacdi of the four hydrogen atoms; consequently, the diffi^rence-s which 
distinguish the diagrams I-IV from one another, and "which make III and IV dis¬ 
symmetric, cannot be significant. Similarly, the differences which distinguish the 
further diagrams V and VI from one another, and which make each of these dis¬ 
symmetric, likewise cannot be significant. It therefore follows that, in the special 
sense defined above, the bonds cannot be real, and hence also that only the relative 
positions of the various atoms need be considen'd when t he isomers are counted. 

A corollary of the above considerations is that the four diagrams I-IV can be 
replaced by the single one VIII, in which only the figure is outlined, and no valence 
bonds are represented explicitly. The broken lines here represent the edges of the 


vin IX 

octahedron which are behind the figure. A molecule with this geometrical form is 
clearly not dissymmetric since it has several planes and one center of symmetry. 
Similarly, the one known monosubstituted derivative CH2=01IR, with given sub¬ 
stituent R, can be represented by the corresponding symbol IX; again the molecule 
cannot be dissymmetric since it has a plane of symmetry passing through the three 
hydrogen atoms and through the substituent R. This diagram would, then, of 
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course, replace the conventional one, X. Moreover, for a disubstituted derivative, 
the three isomeric forms, XI, XII, and XIII, are possible; since each of these has a 
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plane of symmetry passing through the two hydrogen atoms and tlirough iht^ t wo 
substituents R and 8, none of them is dissymmcit ric;. This conclusion is in complebj 
accord with the observation that, for any given substitiK'nts R and 8, exactly three 
optically inactive disubstituted derivatives are indeed obtained; these isomers are, 
of course, IIkj ones ordinarily represtmtcni by the different diagrams XIV, XV, and 

H—C—H II—C—R H—C—R 

11 il II 

R—<>~S 11—C—S 8—C—11 

XIV XV XVI 


XVI. (('f. Section 6-9.) As can easily be verified by an extension and continuation 
of such considerations, the model \T11 of ethylmie liMids always to the same num¬ 
bers of isomeric derivatives as does the conventional model, VII; even the non¬ 
occurrence of optical activity is accounted for by the plane of symmetry whic^h 
always passes through the four atoms or groups that are joined to the etliykmic 
carbon atoms. 

Although the classical methods of using isomer numlwrs arc thiinfforc insufficiimt 
to distinguish between the models VII and VIII of ethylene, these methods can at 
the present time be cxt/cnded in sut^h a way that they bi^come able in principle, 
although probably not in practice, to permiti a definite decision between the two 
possibilities. Thus, if the model VII is correct, a molecule of a monosubstituted 
ethylene, in which the two carbon atoms are isotopically diff(*rent, must have the 
symmetrical planar configuration XVII; consequently, the substamie must be opti¬ 
cally inactive. (The asterisk here indicates that the carbon atoms are experimentally 
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di^tinguishablc.) On the other hand, if the? alternative model, VIII, is correct, such 
a molecule must have one of the two dissymmetric and enantiomoiphic configura¬ 
tions XVIII and XIX; consequently, the substance should be capable of optical 
activity. This conclusion follows becausti fhe plane defined by the three hydrogem 
atoms and by the substituent is now no longer a plane of symmetry since tiie two 
carbon atoms are no longer equivalent. There is, however, considerable reason to 
doubt that, under such circumstances, the racemic modification could be resolved 
by any method that is now known (cf. Section 7-2), and to doubt also that the 
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optically pure eiiantiomoiT:>hs, even if they could be obtained, would have specific 
and molecular rotations which are large enough to be observed. (See S(H;tion 6-2 
for a discussion of the analogous problem which aristas in connection with the nda- 
tively much greater difference bf;tween hydrogen and deutcirium.) It is, therefore, 
extremely improbable that any conclusive cvidenccj either for or against the alterna¬ 
tive model, VIII, could b(i obtained in the way just outlined. 

An interesting situation has thcirefore bc^en found to exist. For partly theoretical 
and partly practical reasons, the models VII and VIII of ethylene are at present 
indistinguishable by any method which makes use only of isomer numbers; conse¬ 
quently, the decision bt'twee^n these two models cannot be made without n^course 
to additional and entirely indefXiiident data. Following van’t Iloff, all chennists 
have accepted the modid VII, because it can be derivtid by the more logical (jxtension 
of the concept of the tetrahedral carbon atom, (^inclusive evidcaice that this model 
is the correct one was not obtainable, however, until tlu‘ shape of the ethylene mole¬ 
cule was determined by the physical methods mentioiu'd in the next-to-last para¬ 
graph of S(;ction 6*3; in fact, on the basis of all the purely chemical (widence which 
is now available, or which seems likc^ly to become available in the fon^scHiabk^ futun;, 
van’t Hoff’s choice may well have been the wnong one. Tlic^ existence of molecules 
like that of ethylene;, for which unambiguous mod(;ls cannot be dcriv(;d from con¬ 
siderations of isomer numlx;rs alone, introduces still a furth(;r limitation, of course, 
upon the use of such data for tlu; determination of stmetures and configurations. 
(Cf. also the last paragraph of Section 4*6.) 

6-5 The Configurations of Acetylenic Compounds. vanH. Hoff ^ 
assumed that the carbon atoms in acetylene, like those in ethylene, are 
tetrahedral. He accordingly wrote the configuration of the former 
substance as I. In agreement with this linear model, no stereoisomers, 
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to which configurations like II and III must be assigned, have ever been 
encountered. (In diagrams II and HI, as in the corresponding ones of 
the two preceding sections, the geometrical arrangement of the bonds 
constituting the multiple bond is not indicated explicitly.) Moreover, 
recent physical evidence ^ supports the linear arrangement of the atoms. 
Consequently, although van^t Hoff^s model of acetylene is inaccurate 
in several respects that are analogous to those in which his model of 
ethylene is inaccurate (see Section 0*3), it always leads to correct pre¬ 
dictions of the numbers of isomers. 

6*6 Free Rotation. Certain limitations must bo imposed upon the 
general statement that two molecules always correspond to different 
substances unless they are exactly alike with respect to the relative 
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positions in space of all their atoms. For structure I, for example, an 
infinite number of geometrical arrangements (or conformations) are con- 

H3C—CH3 

I 

sistent with the assumption of tetrahedral carbon atoms; these include 
the two represented by diagrams II and III, as well as all the further 


11 

TI 

II 

IT 

\ 

/ 

\ 

/ 

/ 

/ 

11 —c- 

H 

H—C- 

C^—II 

/ 

\ 

/ 

\ 

\ 

\ 

H 

H 

II 

n 


11 III 


intermediate ones obtainable from either II or III by rotation of one 
CH 3 group with respect to the other about the carbon-carbon bond. If 
each of these conformations represented a distinct substance, then an 
infinite number of ster(x)isomers with the structure in question should 
exist; nevertheless, only a single substance, ethane, is known. Similar 
considerations apply to all further stnictures in which multivalent atoms 
are joined by single bonds. It is therefore evident that, if the geometrical 
interpretation of stereoisomerism is to be maintained, some further as¬ 
sumption, which restricts the predicted numbers of isomers, is required. 

The assumption generally adopted for this purpose is contained in the 
rule that any two conformations (such as II and III, or any other two 
of the infinite number of possible ones) arc to be considered equivalent 
if they differ only by the rotation of one or more parts of the molecule 
about one or more single bonds. Thus, the conformations II, III, etc., 
are equivalent; all these correspond to the same substance, ethane, and 
all are said to represent the same configuration. Although this rule has 
a number of exceptions (see Sections 6*12 and 6-13), it is sufficiently 
general to find application throughout stcreochemistiy. It has indeed 
already been assumed implicitly at several points in the preceding dis¬ 
cussion, and it will be assumed throughout the following discussion 
without further comment, except, of course, in those instances in which 
it is not valid. 

The equivalence of conformations which differ only by a rotation 
about a single bond is often described by the statement that the rotation 
is free, or that free rotation exists, about such a bond. Since the signifi¬ 
cance of the expression ^ffree rotation^' is often misunderstood, a brief 
discussion of the principles involved is here desirable. 
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In Figure 6-2 are represented four conceivable ways in which the 
energy of a molecule might vary as part of the molecule is rotated, 
with respect to the rest of it, about some specified bond. The abscissa 
(f) is the angle of rotation, as measured from some arbitrary starting 
point; obviously, 0 goes only from 0° to 300°, and these two extreme 
values correspond to the same relative orientation of the two parts of 
the molecule (i.e., to the same conformation). In Figure 0*2a, the en¬ 
ergy is independent of the angle; hence, no value of <j> is preferred over 




Figure 6*2. Four j)ossil:)le ways in which the energy E of a molecuh' might depend 
upon the angle by which a part of the molecule has bcK'n rotated wdth respect to 
the rest of it about some particular bond. 


any other, no forces operate to prevent rotation from occurring, and all 
values of <t> are equally probable. Under such circumstances, stereo¬ 
isomers differing in extent of rotation about the bond in question would 
obviously be impossible. Such a situation, which might be designated 
as “absolutely free rotation,is the one visualized by many people when 
they speak of “free rotation.^^ However, it seldom if ever occurs in 
nature. 

Figure 6 • 2b represents a molecule which has one preferred value of 0 
(shown by the vertical broken line) at which its energy is lowest. Most 
of the molecules would then be so oriented that their 0’s are equal to, 
or at any rate near, this favored value; moreover, any given molecule 
would correspond most of the time to a 0 that is equal to, or near, this 
same value. Two extreme cases require consideration; the energy AE 
that the molecule needs in order to be able to reach the top of the “en¬ 
ergy hill” (the so-called activation energy for the rotation) may be very 
small, or it may be very large. If this activation energy is very small, 
the rotation is almost absolutely free; the tendency of the molecules to 
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congregate near the favored value of <t> is relatively unimportant, and a 
large number of molecules at any time have sufficient energy to pass 
completely over the hill. On the other hand, if AE is very large, the 
rotation is “frozen out’^; the concentration of molecules near the favored 
value is practically ccmplete, and only a very few molecules at any time 
have sufficient energy to pass over the hill. There is, of course, no sharp 
dividing line between these two extreme situations, which, instead, shade 
imperceptibly into each other. If AE is no greater in order of magnitude 
than RTy or about (JOO cal per mole at room temperature, the rotation is 
practically free; if AE is greater than about 20 k(!al per mole, then, at 
room temperature, the rotation is practically frozen out; and, if AE has 
some intermediate value, the rotation is neither completely free nor 
completely frozen out. Under no circumstances, however, can stereo¬ 
isomers exist: for, if AE is small, the different geometrical arrangements 
are so readily interconvertil>le that the corresponding substances cannot 
be separated; if AE is large, only the single arrangement, corresponding 
to the favored value of 0, exists; and if AE is of intermediate magnitude, 
the situation is intermediate between these two extremes. 

In Figure 6* 2c, there are two angles, represented by the two vertical 
broken lines, at which the energy is at a minimum, and which are there¬ 
fore favored over all others. If the hills between the two valleys are not 
of ecpial height, or if the valleys arc not of equal depth, the activation 
energy AE may here be taken as the height of the lower hill above the 
higher valley. As before, if AE is small, the rotation is practically free, 
whereas, if AE is large, the rotation is practically frozen out. In the 
formcir event, stereoisomerism is again impossible on account of the easy 
interconversion of the steroisomeric forms. In the latter event, how¬ 
ever, stereoisomerism may occur. Since AE is large, each molecule must 
be near one or the other of the two favored values of at any time, very 
few molecules are able to pass from one position to the other. If these 
two positions are not equivalent to each other (i.e., if they correspond to 
nonsuperimposable conformations), two different isomeric forms, which 
can be separated from each other, are therefore possible. The existence 
of stereoisomeric substances that differ in configuration by a rotation of 
180° about a double bond (such as maleic and fumaric acids mentioned 
on page 170) can clearly be interpreted on this basis. The situation is 
commonly described by the statement that rotation about a double bond 
is not free. On the other hand, if the two valleys are completely equiv¬ 
alent so that they correspond to indistinguishable configurations, no 
stereoisomerism is possible, regardless of the magnitude of AE. This is 
doubtless the situation with ethylene itself, for example. Finally, if 
AE has an intermediate value, stereoisomers may be separable at some 
sufficiently low temperature, at which the average molecular energy is 
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small, but not at some higher temperature, at which the average energy 
is greater. Under such circumstances, either isomer, after separation 
at the lower temperature, would be more or less rapidly converted into 
the equilibrium mixture of the two forms at the higher temperature. 
I']xamples of this i)henomenon will be given later in Section (M2 and 7*7. 

Figure (>*2d represents a molecule with three favored positions, which 
are, as before, indicated by the vertical broken lines. Ethane, for ex¬ 
ample, undoubtedly can be assigned a curve of this sort, with all three 
valleys completely ecpiivalent, and with all three hills likewise equiv¬ 
alent. The valleys and the hills presumably correspond to the ^^stag- 
gered^’ and ^^eclipsed^^ conformations, III and II, respective^. For this 
substance, the activation energy AE has been estimated,^- from a com¬ 
bination of spectroscopic and thermochemical data, to be about 3 kcal 
per mole. Since this value is appreciably greater than 7? 2" at ordinary 
temperatures, but nevertheless considerably smaller than 20 kcal per 
mole, the rotation is somewhat restricted, but far from frozen out. 
There could be imagined a substituted ethane, for which the three valleys 
correspond to nonequivalent conformations separated by hills more than 
20 kcal per mole in height. Under su(;h circumstances, separable stereo- 
isomeric forms should exist. No example of this type of stereoisomerism, 
however, has ever been reported; consequently, the inference may be 
drawn that,* for rotation about a single bond between two saturated car¬ 
bon atoms, th(‘ a(;tivation energy AE is always less than 20 kcal per mole. 

Although, as has just bc^en stated, no substituted ethane has yet been 
obtained in stereoisomeric forms differing by a rotation about the ethane 
carbon-carbon bond, there can nevertheless be no doubt that the ex¬ 
pected isomers are always actually present. Indeed, fairly direct evi¬ 
dence for the existence of inseparable isomers of this type has been de¬ 
rived from several kinds of physical data; for example, a study of Raman 
spectra and of dipole moments has led to the conclusion that, in the 
fluid states, some molecules of ethylene chloride have the particular 
staggered conformation IV, in which the distance between the two chlo- 
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J. D. Kemp and K. S. Pitzer, J. Am. Chem. Soc. 69, 276 (1937). 
wCf. K. W. P. Kohlrausch and G. P. Ypsilanti, Z. physik. Chem. 829, 274 (1936); J. 
Cabannes, J. (him. phya, 35, 1 (1938); S. Mizuahima and Y. Morino, Z. Physik 119, 188 
(1942). 



180 


The Configurations of Carbon Compounds Sec* 6-7 

rine atoms is as great as possible, whereas the other molecules have the 
two remaining (enantiomorphic) staggered conformations V and VI. 
Moreover, there is a distinct possibility that an at least partial separa¬ 
tion of such isomeric forms could be effected at an extremely low tem¬ 
perature. One experimental procedure that has been used with this end 
in view deserves mention here, even though the results reported by the 
original investigators were not confirmed by subsequent workers.The 
heat capacity of isopentane, VII, was measured as a function of tem- 

(CH3)2CII—Cri2—CHs 

VII 

perature over the range —93® to — 33®C. It was originally reported 
that the measured value of this quantity at any given, low temperature 
depends upon whether the substance has or has not recently been kept 
for some time at —93®C. The interpretation of this result was that, at 
the higher temperatures, the rotation about all bonds is practically free, 
whereas, at much lower temperatures, it is more nearly frozc^n out. If 
the substance investigated has just been cooled from the higher tem¬ 
perature, therefore, it consists of a mixture of stercoisoraeric forms, the 
interconversion of which is slow at the low temperature; these forms are 
present in the proportions corresponding to e(iuilibrium at the higher 
temperature. On the other hand, if the substance has just been warmed 
from — 93°C, at which temperature it has previously been kept for a 
sufficient time so that the low-temperature equilibrium has been estab¬ 
lished, then it again consists of a mixture of stereoisomeric forms, but 
of one in which the various forms are present in different proportions 
from before. Since each form presumably hjis its own characteristic heat 
capacity, the reported facts are therefore explained. Although un¬ 
fortunately, as has already been noted, later investigators have been 
unable to confirm these experiments,^^ the foregoing discussion is never¬ 
theless of interest in illustrating an apparently completely valid way in 
which the problem can be attacked. Clearly, much further work would 
be desirable. 

6*7 Plane Projection Diagrams for Noncyclic Molecules* The 

use of three-dimensional models of the sort considered in the preceding 
sections becomes extremely cumbersome if the molecule to be represented 
is even moderately complicated. Moreover, such models cannot be de¬ 
picted very conveniently on a plane surface, such as a printed page; even 
the relatively simple diagrams given above in this chapter, for example, 

J. G. Aston and S. C. Schumann, J. Am, Chem. Soc, 64, 1034 (1042); S. C. Schumann, 
J. G. Aston, and M. Sagenkahn, ibid, 64, 1039 (1942); J. G. Aston, ibid, 66, 2041 (1943). 

*®G, B. Guthrie, Jr., and H. M. Huffman, J. Am. Chem. Soc. 66 , 1139 (1943). See also 
J. G. Aston, D. H. Hank, N. Sheppard, and G. J. Ssasz, ibid. 70, 3626 (1948). 
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are not too easily intelligible, and the situation rapidly becomes worse a?, 
the complexity of the molecule increases. Consequently, some simpler 
method of representation is highly desirable. 

The convention which has been most generally adopted consists ir 
representing the three-dimensional models by what are called plane pro- 
jecMon diagrams or, more simply, plane configurations. Thus, by defini* 
tion, diagrams I and II represent, respectively, the dextro- and levoro 
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tatory forms of glyceraldehyde.'* '^ It is to be noted that these diagram! 
do not completely specify the absolute configurations (i.e., the true three- 
dimensional forms of the a(;tual molecules). Diagram I, for example, 
can be considered the iirojection either of the absolute configuration, 
III, or of its enantiomorph, IV; similarly, diagram II can be con- 
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sidered the projection cither of the absolute configuration, V (identical 
with IV) or of its enantiomorph, VI (identical with III). 

The usefulness of the plane configurations like I and II lies in the fact 
that they make possible the representation of relative configurations. 
Thus, the oxidation of (+)-glyceraldehyde, I, gives (“-)-glyceric acid 
which (since the reaction does not directly affect the asymmetric carbon 
atom, and hence cannot alter its configuration) can be described by the 
plane projection diagram VII. The assignment of this plane configura- 
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tion to (—)-glyceric acid does not, of course, uniquely define the correct 
three-dimensional configuration of the substance, just as the assignment 


“ Cf. M. A. Rosanoff, J. Am. Chem. Soc. 28, 114 (1906). 

1 ^ R. Freudenberg iiv K. Freudouberg, Stereochemie. Franz Deuticke, Leipzig and Vienna, 
1933, pages 662 ff. 
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of the corresponding plane configuration T to (+)-glyceraIdehyde does 
not uniquely define the three-dimensional configuration of this sub¬ 
stance. The meaning of the statement that (—)-glyceric acid has the 
plane configuration VII is instead merely that, if the absolute configura¬ 
tion of (4-)-glyceraldehyde is III, then that of (—)-gIyceric acid is VIII; 
but that, if the absolute configuration of (+)-glyceraldehyde is IV, then 
that of (—)-glyccric acid is IX. Further examples of the methods by 
which relative configurations arc assigned to specific isomers will be de¬ 
scribed later in Sections 0* 15, 7*12, and 7*13. (For a discussion of cer¬ 
tain complications which arise when the plane projection diagrams are 
correlated with the corresponding three-dimensional configurations, see 
the paragraph in fine print near the end of this section.) 

Considerable care must be exenased in the use of the plane configura¬ 
tions since errors and inconsistencies can easily be introduced. It might 
appear, for example, that diagrams I and 11 are identical since a rotation 
by 180° about a vertical axis lying in the plane of the paper would trans¬ 
form either into the other. (Consequently, if the plane configurations 
I and II are to represent enantiomorphs, the convention must be adopted 
that a rotation which takes the figure out of the plane in which it is drawn 
inverts the configuration (i.e., changes it into that of the enantiomorph). 
Further similar conventions also must be adopted if further similar dis¬ 
crepancies are to be avoided. Unfortunately, however, no unanimity 
exists at present among chemists as to exactly what all these, further 
conventions arc. As a matter of fact, at least three different, and mu¬ 
tually inconsistent, sets of conventions are possible; moreover, each of 
these three sets is used to at least some extent in books and articles. 
Any one of the sets is self-consistent and generally satisfactory, if it is 
used alone and is not combined with any of the others. (However, see 
the last two paragraphs of this section.) 

1 . The convention which seems to be most widely adopted and which 
was used implicitly in the preceding paragraph may be called the *‘rigid- 
body convention,” since it assigns meanings to only those operations 
upon the plane configurations which could be performed upon rigid 
bodies. When this convention is employed, a rotation by 180° out of the 
plane of the paper is considered to invert the configuration (as was stated 
above), but any rotation within the plane of the paper is considered to 
l&ive the configuration unchanged. Thus, diagrams X, XI, and XII are 
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ecjiiivalent to I and, like it, represent dextrorotatory glyceraldehyde. 
On the other hand, diagram XIII is configurationally undefined since it 
(jannot be obtained from either I or II by any sort of rotation, whether 
within, or out of, the plane of the paper; in other words, it does not 
represent specifically either the dextro- or the levorotatoiy enantio- 
morph. 

2 . A second, somewhat less commonly adopted, convention may be 
calk'd the “permutation convention,since it assigns meanings to only 
those operations upon the plane configurations which are equivalent to 
permutations of the atoms or groups that are joined to the asymmetric 
atom (or atoms). When this convention is employed, any operation 
which is equivalent to an odd number of single interchanges of atoms or 
groups that are joined to the same asymmetric atom is considered to in¬ 
vert the configuration of that atom, but any operation which is equiv¬ 
alent to an even number of such interchanges at the same atom is con¬ 
sidered to leave the configuration unchanged. Thus, diagram II can be 
d('rived from I not only by a I’otation of 180® out of the plane of the 
paper but also liy an interchange of the hydrogen atom and the hy¬ 
droxyl group. Conseciuently, if diagram I represents the dextrorotatory 
glyceraldehyde, diagram IT represents the levorotatory enantiomorph, 
just as it does by the rigid-body convention. That agreement between 
the two conventions is not general, however, is shown by the fact that 
diagram X, whi(;h represents (+)-glyceraldeh 3 '^de b^^ the rigid-body con¬ 
vention, represents (—)-glyceraldehydc instead by the permutation 
convention, since it can be obtained from I by an odd number of single 
interchanges. Thus, one interchange transforms I into XIII; a second 
transforms Xlll into XIV; and a third transforms XIV into X. More- 
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over, diagram XII no longer represents the dextrorotatory form, as be¬ 
fore, but is instead configurationally undefined since it cannot be ob¬ 
tained from I by any sort of permutation; and XIII is no longer un¬ 
defined but represents the levorotatoiy form since it can be obtained 
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from I by a single interchange. It may be noted that in general the 
permutation convention leads to the rule that a rotation by 90° in the 
plane inverts the configuration, one by 180° in the plane leaves it un¬ 
changed, and one by any other angle in the plane is undefined. 

3. A final convention, which in practice is very seldom employed, 
may be called the “quasi-three-dimensional convention,^’ since, at the 
expense of additional complexity, it retains many of the advantages of 
the three-dimensional models. Wlien this convention is employed, the 
appearance of the projection diagrams is somewhat modified; thus, (+)- 
glyceraldehyde, for example, is represented as XV instead of as I. Since 
the absolute configuration of the substance is not known, no assumption 
is to be made whether the atoms or groups at the ends of the line with 

CHO 



XV 


the bend in it (in this diagram, the hydrogen atom and the hydroxyl 
group) lie in front of or behind the plane of the paper. Similarly, no as¬ 
sumption is to be made regarding the exact relative positions of the 
atoms or groups joined by the straight line. However, the use of the 
two kinds of line does serve to distinguish between the positions in space 
occupied by the two pairs of atoms or groups. The complete convention 
can now be stated as follows: An operation performed xipon the diagram 
inverts the configuration about an as 3 anmetric atom if it involves (a) 
a single interchange of atoms or groups joined to the asymmetric atom, 
(b) an interchange of the bent line and the straight line, or (c) any odd 
number of the “inverting” operations a and 5; on the other hand, an 
operation leaves the configuration unchanged if it involves (d) a rotation 
by any angle within the plane of the paper, or (c) any even number of 
the “inverting” operations. A few examples will suflSce to show the ap¬ 
plication of these rules; diagrams XVI, XVII, and XVIII represent 
(-“)-glyceraldehyde, whereas XIX, XX, and XXI represent (+)- 
glyceraldehyde. 
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It is to be noted that, regardless of which convention is adopted, free¬ 
dom of rotation does net in general exist about the single bonds in plane 
projection diagrams, 'irhis limitation is due to the fact that a rotation 
about any bond in such a diagram requires that that part of the diagram 
which is rotated leave the plane of the paper, or else that a single inter¬ 
change of atoms or groxips within it be performcef. If this part is dis¬ 
symmetric, then, according to any one of the above conventions, it is 
inverted in the process, so that the resulting configuration is not equiv¬ 
alent to the original one. For example, a rotation (by 180^^) of the lower 
part of the plane configuration I about the upper carbon-carbon bond 
changes this configuration into the enantiomorphic one, II. (The 
CH 2 OII group is not affected by the rotation, since it is symmetric and 
therefore identical with its own mirror image.) These remarks, of 
course, do not imply any (corresponding lack of freedom of rotation about 
the single bonds in the actual molecules or in the three-dimensional 
models; they have reference instead onl}^ to the conventions which must 
be adopted if the plane configurations arc not to lead to inconsistencies. 

Of the three conventions, the permutation convention is the most 
generally satisfactory, since, for the reasons given in the following para¬ 
graph, it is theoretically superior to the rigid-body convention, and since 
it obviously is less cumbersome than the quasi-three-dimensional con¬ 
vention. The rigid-body and permutation conventions can, however, 
be made equivalent to one another if each is arbitrarily restricted in a 
certain definite manner. Thus, if (with the rigid-body convention) no 
rotation by an angle other than 180° is ever permitted, and if also (with 
the permutation convention) no permutation which is not equivalent 
to such a rotation is ever permitted, then no inconsistencies of the types 
described above can ever occur. Although these restrictions may in 
some instances make impossible the assignment of specific plane con¬ 
figurations to certain isomers, such a difficulty will not arise with any of 
the substances considered in this book. Consequently, the restrictions 
in question will hereafter be imposed (except in the following paragraph 
and in the paragraph in fine print near the end of Section 6-8), and the 
resulting “rigid-body-and-permutation^^ convention will be adopted. In 
general, however, the langitage of the rigid-body convention Avill be used, 
since it is both wide-spread and convenient. 
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As was mentioned earlier in this section (page 182), the statement that (— )-glycoric 
acid has the plane configuration VII means iliat, if (-l-)-glycoraldehyde (with the 
plane configuration I) has the particular thretvdimensional configuration III, then 
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the acid, VII, has the three-dimensional configuration VIII; but that, if (+)-glycer- 
aldehyde has instead the enantiomorphic 1 hreti-dinuuisional (configuration IV, then 
tluc acid has instead the lik(cwis(‘, enantioinorj)hic three-dimensional configuration 
IX. The Header may have thccndore assumed that, any arbitrary plane configuration 
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XXII must similarly always imply the corresponding three-dimensional configura¬ 
tion XXIII (or XXIV), if diagram I for (-i-)-glyceraldehyde implu^s, respectively, 
the configuration III (or IV). This assumption is, however, correct only if the 
permutation convention is adopted; in geiucral, it is incorrect if instead the rigid- 
body convention is ad()pt(*d. For examples, if the letttTS P, R, S, and T in tluj gen¬ 
eralized planci configuration XXIT are identified, respectively, as the atoms or groups 
H, CHO, OH, and CH 2 OH, this diagram then assumes the specific form X. If t,h(j 
assumption under discussion is valid in this instance, the plane configuration X must 
represent the three-dimensional configuration XXV (or XXVI), if diagram I repre¬ 
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sents, respectively, the configuration III (or IV). The configurations XXV and III 
are, however, enantiomorphs, as are also the other configuratioiLS XXVI and IV. 
In either event, therefore, the plane configuration X must represent (— )-glyceralde- 
hyde; hence, the jdane configuration I is inverted wIkui it is rotated by 90° in the 
plane in which it is written. Thus, it follows that, as was stated above, the assump¬ 
tion now being considered is consistent with the permutation convention, but is 
iiKJonsistent with the rigid-body cemvention, if a rotation by an angle othc^r than 
180® is permitted. From the theoretical point of view, therefore, the permutation 
convention is superior to the rigid-body convention. No analogous difficulties arise 
when the quasi-three-dimensional convention is adopted. 

In order that possible misunderstandings may be avoided, it should 
here be emphasized that the rigid-body convention discussed above has 
no application to the actual molecules, to the three-dimensional models, 
or to the diagrams (like II and III of Section 6 *0 or like IlI-VI, VIII, 
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IX, eto., of this section) which are designed to represent three-dimen¬ 
sional models. It has meaning, in fact, only with reference to the con- 
ventiondl plane projection diagrams. On the other hand, the permuta¬ 
tion convention is less restricted, since an interchange of two atoms or 
groups linked to the same asymmetric atom inverts the configuration 
of that atom not only in the corresponding plane configuration, but also 
in the molecule itself, in the three-dimensional model, and in any dia¬ 
gram designed to represent the tliree-dimensional model. (Cf. also pages 
228 f.) 

6*8 Plane Projc^ction Diagrams for Cyclic Molecules. If a 

molecule contains a ring of atoms, its configuration may be expressed on 
a plane surface in either of two Avays. When the first of these methods 
is used, the diagram is written as if no ring w ere present (cf. the preceding 
section), and then the fac^t that a ring is present is indicated, more or 
less as an afterthought, by the drawing in of the necessary bonds as long, 
and frequently curved or bent, lines. Thus, the configuration of a- 
(+)-'glucose is often Avritten as I. When the second method of repre- 
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sentation is employed instead, the ring is drawn as if it were a plane 
polygon approximately at right angles to the plane of the paper, and the 
substituents that are attached to the ring atoms are represented by the 
appropriate symbols abovx and below the plane of the ring. Thus, the 
configuration of a-(+)-glucose can be written as II; this diagram is to be 
considered equivalent to I. Plane projection diagrams like II do not 
imply knowledge of the corresponding absolute configurations. A mole¬ 
cule of glucose in which the upper horizontal line (of II) is in front of the 
plane of the paper, and the lower line is behind it, would be the enan- 
tiomorph of a molecule in which the upper line is behind the plane of the 
paper, and the lower line is in front of it; since the diagram docs not 
explicitly signify which line is in front, and which is behind, it can be con- 
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sidered the projection of either absolute configuration. Neither do these 
diagrams imply that at any instant the rings are completely planar 
(see Section 9-3); they imply rather that the average positions of the 
atoms of the ring lie within a single plane. 

The equivalence of the configurations I and II can be shown in the following way. 
Since the rigid-body convention that, w-^as discussed in the preceding section is here 
clearly inapplicable, the ix?rrnutation conv(mtion must ha adopted. On this basis, 
then, one single interchange of substituents joined to the bottom asymmetric carbon 
atom transforms configuration I into III; and a second such interchange transforms 
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III into IV. Since each of those two interchanges inverts the configuration of the 
bottom asymmetric atom, and since no other asymmetric atom is affected, configura¬ 
tions I and IV must be equivalent to each other. Now, although Ihtj permutation 
convention can carry the argunamt no further, the identity of configurations II 
and IV is almost obvious; for, in each of these two configurations, the atoms or groups 
H, H, OH, H, and CH2OH occur in sequence on the same side of the ring. It should 
perhaps also be noted at this point that such diagrams as III and IV do not imply 
the absolute configurations of the corresponding molecules any more than do such 
ones as I and II. Thus, configuration IV, for example, can be considered to be a pro¬ 
jection either of a three-dimensional model in which the carbon and oxygen atoms 
that are linked by the *‘long bond” lie in front of the plane of the paper, or of the 
enantiomorphic model in which the atoms in question lie behind the plane of the 
paper. 

The fact that the plane projection diagrams of the types described in 
both this and the preceding section do not give the absolute configura¬ 
tions is not a defect, but instead a desirable feature. Since the absolute 
configurations are not known with certainty, any diagram which implies 
the absolute configuration might be incorrect; the conventional plane 
configurations, however, do not suffer from this defect of implying more 
knowledge than is actually possessed. (Cf. Section 7* 13). 

6*9 The Representation of Ethylenic Compounds. The rep¬ 
resentation of the configuration of an ethylenic compoimd is relatively 
easy since the two carbon atoms that are joined to one another by the 
double bond, and the four other atoms that are joined by single bonds 
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to these two, lie in the same plane. Consequently, the conventional di¬ 
agrams like I and II for maleic acid and fiimaric acid, respectively, can 

II—C—COall HO 2 C—C—H 

H—C—CO 2 II H—C—CO 2 H 

I II 

be taken to represent the absolute configurations, even though they do 
not correspond to exactly the correct bond angles. In accordance with 
accepted nomenclature, the first of these two substances is said to be the 
CIS isomer (from the Latin cis, on this side), whereas the second is said 
to be the trans isomer (from the Latin tranSj across). These terms 
imply, of courses, that the like substituents that are joined to the un¬ 
saturated carbon atoms are, respectively, on the same side and on op¬ 
posite sides of the double bond. Diagrams like I and II are sufficiently 
simple, and their interpretation is sufficiently obvious, that no further 
discussion of them is necessary here. 

If a molecule contains several double bonds or both double bonds and 
rings or several rings, the representation of its configuration may be 
rather difficult. In such instances, the conventional scheme just out¬ 
lined in this and in the preceding sections must often be supplemented 
by the use of heavy and broken lines to represent bonds to atoms in 
front of and behind the paper, respectively, or by other devices analogous 
to those employed earlier. Examples of such molecules are given in the 
foUomng sections. 

6-10 Use of Plane Proj ection Diagrams in Predicting the Num¬ 
ber of Stereoisomers. The foregoing rather general considerations 
can be made more definite by a discussion of some specific examples of 
stereoisomerism. As has already been mentioned, the dextro- and levo- 
rotatory glyceraldehydes are represented by diagrams I and II, re- 
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spectively.^®*'^ That these two diagrams correspond to enantiomorphs 
(according to the conventions adopted) is shown by the facts; first, that 
they are not identical with each other (cf. the discussion of the tartaric 
acids, III-VI, below); and, second, that each is identical with the re¬ 
flection of the other in a plane mirror which is halfway between them 
and perpendicular to the plane of the paper. Since there is only one 
asymmetric atom in the molecule, and no other sources of molecular 
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dissymmetry, these two enantiomorphs are the only possible stereo- 
isomeric forms, (As usual, the racemic modification is not considered a 
distinct substance but only a mixture of the two enantiomorphs. See 
Section 5*12.) 

A molecule of tartaric acid, II 02 C--<"*ITOIT--^^*HOH—CX) 2 H, has 
the two asymmetric carbon atoms that are here designated by thc^ 
asterisks. Since there are two possible configurations about each such 
atom, there might be anticipated altogether 2X2, or 4, distinct stereo¬ 
isomers, which could be represented by diagrams 111-VI. Of these di- 

CO 2 H COoH CO 2 II CO 2 H 

I I i I 

II—C—OH HO -C H H (' -OH HO—C^—H 

I I I I 

H—C—OH IIO— ( V H lia ~(^~-H H-C - OH 

I i 1 I 

CO 2 H CO 2 II CO 2 H C^02H 

III IV V VI 

agrams, however, the first two are equivalent inasmuch as either is 
transformed into the other by a rotation of 180° in th(^ plane of the paper. 
Since these two equivalent diagrams are mirror images of each other, 
they must represent a substance which is identical with its own mirror 
image and hence optically inactive; they are therefore equivalent forms 
of the plane configuration of mcso-tartaric acid. The optical inactivity 
of this substance follows also from the presence of a plane of symmetry 
in either of the two diagrams; indeed, the upper half of either diagram 
is identical with the reflection of the lower half in a mirror perpendicular 
to both the plane of the paper and the central carbon-carbon bond. 
?m?6'^>-Tartaric acid is therefore an example of a substancje which is op¬ 
tically inactive even though its molecule contains two asymmetric car¬ 
bon atoms. In contrast, the last two configurations, V and VI, are not 
equivalent since neither can be transformed into the other by any rota¬ 
tion in the plane. Since they are mirror images of each other, they must 
correspond to enantiomorphs, and so one must represent the dextro¬ 
rotatory, and the other must represent the Icvorotatory, tartaric acid. 
Alternatively, the enantiomorphism of the tartaric acids, V and VI, can 
be shown by the fact that each is transformed into the other by a rota- 
tibn of 180° out of the plane of the paper; such a rotation, of course, in¬ 
verts the configuration about each of the two asymmetric atoms. In a 
way discussed in Section 7 • 12, the configuration V has been shown to 
belong to the dextrorotatory enantiomorph, and the configuration VI 
has been shown to belong to the levorotatory one. Thus, the existence 
of the three known tartaric acids can be explained; moreover, the pre¬ 
diction that no further stereoisomers are possible can be made. 
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Diagrams V and VI have centers of S3mimetry, but neither the molecules which 
they represent nor the three-dimensional models of which they arc projections do; 
conclusions regarding the presence or absence of centers of symmetry cannot easily 
be drawn from the plane projection diagrams of this type. (Howevt^r, see the dis¬ 
cussion of the cy(!li(; compounds below.) 

As was i)c)inted out above, the plane projection diagram of meso^ 
tartaric, acid (HI or IV) has a plane of symmetry. It will be of interest 
now to consider what elements of symmetry are possessed by the three- 
dimensional model, and so presumably also by the actual molecule. If 
the relative orientation of the two halves of the molecule with respect to 
lotation about the central carbon-(‘arbon bond is the exactly “eclipsed^’ 
oiK^ shown in diagram VII, then the molecule does indeed possess a plane 
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of symmetry perpendicular to, and bisecting, the central carbon-carbon 
bond. On the other hand, if the orientation is instead the exactly 
“staggered’^ one, VIII, then the molecule possesses a center of symmetry. 
None of the infinitely many remaining possible conformations, however, 
possesses either a plane or a center of symmetry. Since the rotation is 
almost certainly not frozen out in either the eclipsed or staggered con¬ 
formation, the observed inactivity of the substance, therefore, requires 
explanation. 

The statement is often made that ?7icso-tartaric acid is inactive on ac¬ 
count of ‘internal compensation.^'^® (Cf. Section 5-11.) This state¬ 
ment implies that, since the two halves of the molecule have opposite 
configuration, the optical rotation due to each half is exactly canceled 
by the equal but opposite rotation due to the other. However, as has 
just been noted, this assumed cancellation occurs only in the exactly 
eclipsed and exactly staggered conformations. Consequently, the term 
^fintemal compensation" would be strictly correct only if each molecule 
were in one of these two symmetrical conformations. A more precise 
description of the situation can be reached in the following way. Two 
molecules of meso-tartaric acid may be imagined initially to be held 
fixed in either one of the inactive conformations, say, the exactly stag- 

The following discussion is based upon one by C. R. Noller, Science 102, 608 (1046), 
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gered one, VIII. If now the top half of one of these molecules is twisted 
by any angle about the central carbon-carbon bond, and if the top half 
of the other molecule is twisted by the same angle but in the opposite 
direction about the same bond, then in general each molecule will no 
longer have either a plane or a center of symmetry. The two will, how¬ 
ever, be mirror images, and hence enantiornorphs, of each other. Since 
any actual molecule of meso-tartaric acad may be considered to have 
fairly free rotation, it is evident that at any given time there will be just 
as many molecules in any given dissymmetric conformation as there are 
in its enantiomorphic conformation, and c^onsequently that the sub¬ 
stance must be optically inactive. In a sense, therefore, r?icso-tartaric 
acid is really a racemic modification, in which the two enantiornorphs are 
interconvertt'd so easily that they cannot be separated. Nothing seems 
to be gained, however, by the adoption of this extreme, though logically 
unassailable, point of view. The situation can indeed be most easily 
described by the statement that, on the time-average, as a result of the 
freedom of rotation, each molecule of mc.so-tartai ic acid (or of any other 
substance of the same type) possesses both a plane and a center of sym¬ 
metry, even though, at any given instant, very few of the molecules 
actually possess either type of symmetry element, and none of them can 
possess both. 

If the rotation about the central carbon-carbon bond W(^rc completely frozen out, 
so that each molecule were required to nunain in one or anot her of the three valleys 
of a curve like that of Figure 6-2(i, then the configuration III, or its (stjuivalent IV, 
would correspond t-o three separable stereoisoineric forms; these would consist of an 
inactive form, in the staggered conformation VIII, and a pair of enantiomorijhs in 
the two remaining staggered conformations. 

Although only three tartaric acids are possible (as long as there is 
suflScient freedom of rotation), four monomethyl esters should exist; 
for, when one, and only one, of the carboxyl groups is modified, the two 
as 3 nnmetric atoms are no longer equivalent, and therefore no meso form 
is then possible. Indeed the two expected enantiomorphic monomethyl 
esters of meso-tartaric acid have been reported. The dimethyl esters, 
like the parent acids, however, exist only in dextrorotatory, levorotatory, 
and meso forms. 

The trihydroxyglutaric acids, HO 2 C—C*HOH—C*HOH—C*HOH— 
CO 2 H, have the three asymmetric carbon atoms marked by asterisks. 
The central carbon atom may appear not to be asymmetric since two of 
the groups attached to it are structurally identical in all the possible 
stereoisomeric forms and indeed are configurationally identical as well 
in some of the forms. It is common practice, however, to regard such 
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atoms as asymmetric; the expression paeudo-a^^jmmetric'^^ is also occa¬ 
sionally used for their description. (See the following paragraph.) 
One might expect 2^, or 8, stereoisomeric forms, but, as with the tartaric 
acids, the number is somewhat reduced by the ocjcurrence of meso forms. 
Only the four nonequivalent configurations 1X--XII can be drawn, and, 
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in agreement with prediction, only four stereoisomeric substances with 
this stnicturc are known. It is easily seen that diagrams IX and X rep¬ 
resent two different meso forms since each has a plane of symmetry pass¬ 
ing through the central CdlOlI group and perpendicular to the paper, 
and that diagrams XI and XII represent a pair of enantiomorphs. With 
the monomethyl esters of these acids, no meso forms are possible and so 
altogether eight stereoisomers should exist; none of these are, however, 
now known. 

Further consideration of the pseudo-asymmetric carbon atom of the 
trihydroxyglutaric acids leads to some possibly unexpected results. In 
either of the forms TX and X, the two CHOII—CO 2 H groups have op¬ 
posite configurations, as can be seen if the diagram is rotated by 180® in 
the plane of the paper; although the central carbon atom can therefore 
with some reason be considered asymmetric, the substance is neverthe¬ 
less optically inactive. On the other hand, in either of the forms XI and 
XII, the two CHOII—CO 2 H groups have identical configuration as well 
as structure; although the central carbon atom can therefore not be con¬ 
sidered really asymmetric, the substance is nevertheless optically active. 
These examples serve to illustrate the fact that the presence or absence 
of asymmetric atoms is not of primary significance in the interpretation 
of optical activity. (Each of the configurations IX-XII, of course, con¬ 
tains two carbon atoms that are asymmetric in the most usual sense.) 

The aldohcxoses have five asymmetric atoms in the pyranose stnicture. 
(Cf. configurations I and II of Section 6*8.) Since no meso forms are 
possible 2^, or 32, different optically active stereoisomers should exist. 
As has already been mentioned (Section 5*10), all these forms are knoAvn. 

** Cf. A. W. Stewart, Stereochemutry, Longmans, Green and Company, London, 1907, 
page 21. 



194 


The Configurations of Carbon Compounds Sec. 6*10 

The cyclohexane-1,2-dicarboxylic acids, like the tartaric acids, con¬ 
tain two equivalent asymmetric carbon atoms per molecule; conse¬ 
quently, these substances also exist in two enantiomorphic forms, XIII 
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XV 

and XIV, and one meso form, XV. It is readily verified that the con¬ 
figurations XIII and XIV are mirror images of each oth(jr, and that 
neither possesses a plane or center of symmetry. On the other hand, the 
configuration XV has a plane of symmetry which is the perpendicular 
bisector of the bond that joins the two asymmetric atoms; the cor¬ 
responding molecule is therefore identical with its mirror image. 

The isomerism of the cyclohexane-1,2-dicarboxylic acids, as well as 
that of other analogous cyclic compounds, is freciuently described by the 
statement that the optically active forms, XIII and XIV, are tranSy 
whereas the meso form, XV, is cis. This nomenclature is convenient 
since it clearly and concisely expresses the relative positions of the sub¬ 
stituent groups with respect to the plane of the ring. However, it has 
given rise to much confusion since it suggests a false analogy with the 
cis-trans isomerism in such ethylenic compounds as maleic and fumaric 
acids. (See Section 6*9.) Indeed, the statement is often encountered 
that the isomerism of the cyclic compounds is due to a restriction of 
rotation by the more or less rigid ring, just as that of maleic and fumaric 
acids is due to a restriction of rotation about the double bond which, in a 
formal sense, can be regarded as a two-membered ring. In the former 
substances, however, the rigidity of the ring is not significant; the isom¬ 
erism, being due to the presence of two asymmetric atoms, would per- 
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sist if the ring were perfectly flexible, or even if it were broken to form a 
noncyclic compound, so long as the asymmetry of the carbon atoms is 
not destroyed. 

In cyclohexane-1,4-dicarboxylic acid, cis and tra7is forms again exist. 
Here, however, both the cis form, XVI, and the traris form, XVII, are 
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optically inactive; the former has two planes of symmetry, whereas the 
latter has one plane of S 3 mmetry and a center of symmetry. In the past, 
there has been some dis(;ussion whether or not the two carbon atoms to 
which the carboxyl groups are attached are asymmetric;. Baeyer^® 
maintained that the.y are asymmetric because the sides of the ring, al¬ 
though structurally identical, differ in a rather subtle geometrical way. 
The reasoning which led him to this conclusion was the following. An 
observer may be imagined to be swimming on his side inside the six- 
mcmbered ring of, say, diagram XVI, with his face toward the center, 
and with his back initially toward the carbon atom at the extreme left 
of the diagram. Then, if he swims in the clockwise direction, he will 
find, when he reaches the carbon atom at the extreme right of the figure, 
that the carboxyl group attached to this atom lies to his right and the 
hydrogen atom lies to his left. (For definiteness, the upper horizontal 
carbon-carbon bond of the configuration XVI is here considered to be 
behind the plane of the paper, and the lower such bond is considered to 
be in front of that plane.) On the other hand, if the observer had in¬ 
stead turned round and swum in the counterclockwise direction, with 
his face still toward the center, he would have found that the carboxyl 
group and hydrogen atom lie instead to his left and right, respectively. 
Consequently, the two sides of the ring, considered as substituents at¬ 
tached to the carbon atom at the left of the ring, are not geometrically 
identical. The carbon atom in question may therefore be considered 
asymmetric in a certain sense. Similarly, the carbon atom at the right 
of the ring in diagram XVI, and also the two corresponding carbon 
atoms of diagram XVII, are also asymmetric in the same sense. For 
this type of asymmetry, Baeyer coined the term relative asymmetry. At 
the present time, the discussion seems rather pointless, since the pres- 


20 A. Baeyer, Ann. 245 , 103, 128 (1888). 
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ence or absence of asymmetric atoms is no longer considered of primary 
significance in stereochemistry. 

The isomerism of these two cyclohexane-1,4-dicarboxylic acids, XVI and XVII 
(like that of the 1,2-dicarboxylic acids, XIIT-XV), is not due to the rigidity of the 
ring; no conceivable rotation about any bond or bonds in the ring could transform 
either isomer into the othc'r, even if the ring were perfectly flexible. To be sure, if 
the ring were extremcjly flexible, the two carboxyl groups in a molecule of, for exam¬ 
ple, the cis acid, XVI, might be forced onto opposite sides of the plane defined by 
the ring: nevertheless, the molecule, even when distortc'd in this way, would still 
not be identical with the molecule of the trans acid, XVII. Thus, the conventional 
‘^ball-and-stick” models of the cis and trans acids may be modified (for the sake of 
maximum flexibility in the ring) by the use of moderately long strings to represent 
the two chains of methylene groups that link the IT —C—CO 2 H groups to each 
other; the models of these acids can then be represcMiU^d by diagrams XVIII and 
XIX, respectively, instead of by XVI and XVII, respectively. It is easily verified 
that this use of strings in the models affects neither the nature of the isomerism nor 
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the total number of nonequivalent geometrical forms. Now, the model XVIII of 
the CIS acid may be distorted, in any one of several different ways, so that the car¬ 
boxyl groups appear to be trans with respect to one another; two such distortions 
are shown by diagrams XX and XXI. Obviously, however, neither of these result- 
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ing models XX and XXI is sujjerposable on the model XIX of the trans acid; more¬ 
over, there can exist no other typo of distortion which does permit the cis and trans 
models to be superposcjd. It is therefore evident that the cis and trans acids cannot 
be interconverted by any sort of rotation about the bonds within the ring, and hence 
also that the isomerism under discussion is in no way related to the assumed rigidity 
of the ring. There are, in fact, only two ways in which the ds model, XVIII, can be 
made equivalent to the trans model, XIX: in the first place, one of the carboxyl 
groups of XVIII may be interchanged with the hydrogen atom which is joined to 
the same carbon atom; in the second place, the ring carbon atom of the H—C—CO 2 H 
group at the right of model XXI may be forced still farther to the right and simul¬ 
taneously “turned wrong side out,” so that it assumes the configuration of the corre¬ 
sponding carbon atom of the trans model, XIX. (Cf. Wemer^s mechanism of racemi- 
zation, discussed in Section 7-6.) The same result would, of course, bo achieved if 
the carbon atom at the left of diagram XVIII, rather than the one at the right of 
diagram XXI, were thus “turned wrong side out.” In neither event, however, can 
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the operation employed be called a *‘rotation.” In fact, the relation between models 
XVIII and XIX is exactly the same as that between models XXII and XXIII of 
two optically active cnantiomorphs; moreover, the relation between models XXI 



xm xxm XXIV 

and XIX is (exactly the same as that between models XXIV and XXIII of the same 
two optically active enantiomorphs. (Models XXTI and XXIV are, of course, 
identical.) Consequently, if either the operation by wliich XVIII is t;ransformed 
into XIX, or the one by which XXI is transformed into XIX, is called a “rotation,” 
then any oixjratioii by which the configuration about an asymmetric atom is in¬ 
verted must likew^ise be called a “rotation.” 

It should perhaps be noted here explicitly that neither of the two operations con¬ 
sidered in the preceding paragraph can correspond to a process that takes place 
readily in any actual mol(;cule; for, if two atoms or groups joiruid to the same atom 
could easily exchange places, or if a carbon atom could be easily “turned wrong side 
out,” then no asymmetric! carbon atom would be able to maintain its configuration, 
and the existence of stereoisomerism due to the presence of such atoms would be 
impossible. (Cf. also Section 7-6.) Even in a ball-and-stick model, no carbon atom 
can be “turned wrong side out” without breaking the model. 

Alanine anhydride (dirnethyldiketopiperazine), with a six-membered 
ring, exists in cis and trans forms. Here, the trans form, XXV, has a 
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center of S 5 mimetry (at the center of the ring) and so it is optically in¬ 
active. The presence of this center of symmetry is apparent if the ring 
in diagram XXV is visualized as lying in a plane perpendicular to that 
of the paper; on the other hand, if the configuration is written instead 
in the equivalent manner as XXVI, the presence of the center of sym- 
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metry cannot be so easily seen. The cis form has neither plane nor 
center of symmetry, and so it exists in the two enantiomorphic forms, 
XXVII and XXVIII. 
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Inositol (hoxahydroxyeyelohexane) slioiild exist, theoretically, in 
seven optically inactive forms, of which XXIX and XXX are typical 
examples, and also in the two enantiomorphic foi ins, XXXI and XXXII. 
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Not all the predicted inactive forms are known, but the two active ones 
have been obtained. It is of interest that neither of the enantiomorphs, 
XXXI and XXXII, has an asymmetric atom in the usual sense, although 
both have “relatively as 3 unmetric^^ carbon atoms. (Cf. page 195.) It 
is of interest also that the molecules represented by diagrams XXXI and 
XXXII, although diss 3 nmmetric, have the two-fold axes shown by the 
broken lines. 

6*11 Optically Active Allenes and Their Analogs, van’t Hoff ^ 
pointed out that, if his tetrahedral model of the double bond (see Section 
6*3) is correct, the two CH 2 groups in allene H 2 C=C=CH 2 should lie 
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in planes which are at right angles to each other, as in diagram I; and 
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that a substance with the structure RSC=Cy==CRS, where R and S are 
any two different atoms or groups, should exist in the enantiomorphic 
forms II and III. It was not until 193.5, however, that this prediction 
wan verified by Maitland and Mills,^* who obtained the optically active 
diph(!nyldi-a-naphthylallene, IV. In the same year, Kohler, Walker, 


CoHs 


C=C’=(’ 


/ 




/ 

a-CioH7 

IV 


Calh 



/ 

a-CioHj 


\ 

co2CH2C02n 

V 


and Tischler reported the preparation of the similar optically active 
allene, V. It is of interest that neither of these substances contains an 
asymmetric atom. No further optically active allenes have been pre¬ 
pared subsequently, although the acid, V, has been changed into the 
simpler, but still active, ester 


CgHs CeHs 

\ / 

c=c=c 

/ \ 

a-CioIl7 CO 2 CH 3 

VI 


Although the existence of optically active allenes was not confirmed 
until comparatively recently, several analogous substances have been 
known for a longer time. These substances may be considered related 
to the allenes proper by the replacement of one or both of the ‘^two- 
membered rings'" (le,, double bonds) by larger rings. A typical pair of 
enantiomorphs, in which only one of the allenic double bonds has been 
thus replaced, is represented by the substances VII and VIII. In these 

21 P. Maitland and W. H. Mills, Nature 136, 994 (1935). 

“ E. P. Kohler, J. T. Walker, and M. Tischler, J. Am. Chem. Soc. 67, 1743 (1936). 

»E. P. Kohler and W, J. Whitcher, J. Am, Chem. Soc. «8, 1489 (1940). 
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CHa / 

'C c=c 


figures, the six-mcmbercd rings and the H—C— 00211 groups are to be 
considered lying in the plane of the paper, and the H—C—CH 3 groups 
are to be considered lying in a plane perpendicular to that of the paper. 
A further pair of enantiomorphs, in which now both double bonds have 
been replaced by six-membered rings, is given by the ^^spiranes,” IX and 
(A spirane is a compound in which a single atom is a common mem- 

0-CH, CHs 

IIOA^ / \ / 

''C 

\-c< \o.H 

IX 

0—CH, „ „ CHi 

\-c< \oji 


ber of two rings with three or more members. The central carbon atom 
of the compounds IX and X, which is a member of the two six-membered 
rings, is called the ^^spiro atom.’’) Like the allenes, to which they are 
analogous, the substances VII-X contain no asymmetric atom in the 
usual sense, although the spiro atoms might perhaps be considered rel¬ 
atively asymmetric (see above). Two further spirane systems, which 
similarly lead to optical activity, can be illustrated V)y the structures 
(not configurations here) XI and XII.®® The first of these structures 

H H 

I* I* 

H.C-C—CH, CHr-C-CH, 

I I • 

CO—O O-CO 

XI xn 

J. BSeseken and B. B. C. Felix, Ber. 61. 1855 (1928). 

“ W. H. MilJfl and C. R. Nodder, J. Chem. Soc. IIT, 1407 (1920). 

" n. Sutter and N. Wijkman, Ann. 619. 97 (1935). 
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permits the existence of a pair of enantiomorphs, which are analogous 
to the spiranes, IX and X; the second structure is more complicated, 
however, as a result of the presence of the two equivalent asymmetric 
carbon atoms marked by the asterisks. In fact, structure XII permits 
altogether three pairs of enantiomorphs; the three racemic modifications 
have been obtained, but not resolved. 

The configurations of the six optically active forms of the spirane, XII, can he 
expressed symbolically as XIII-XVIII. It might appear that a fourth pair of 
cnantiomoi 7 )hs, XIX and XX, should also exist, but it is easily shown that XIX is 
identical with XIII and that XX is identical with XIV. Thus, rotation by 90® 
about a horizontal axis lying in the i)lane of the paper transforms XIII into XXI, 
and rotation of XXI by 180° about a vertical axis lying in the plane of the paper 
transforms it into XIX. In a completely analogous manner, XIV (the enantio- 
morph of XIII) can be shown to be identical with XX (the enantiomoiph of XIX). 



XIX XX 



XXI 


H 
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6*12 Optically Active Biphenyls.^^ In 1922, Christie and Ken¬ 
ner found that o,o'-dinitrodiphenic acid, J, can be separated into a pair 
of enantiomorphs. At one time, the possibility was seriously considered 
that these two substances might be representable as II and III. Al- 


COJI NO. 



CO 2 II NO* 


II III 

though the so-called Kaufler 2 ® canfiguraiion here assigned to the biphenyl 
system seems most improbable from gemiral stereochemical considera¬ 
tions, it was nevertheless supported by a certain amount of independent 
experimental evidence. 'J'his configuration had been proposed originally 
by Kaufler in 1907 as a necessary corollary of his conclusion that th(‘ 
product of the reaction between phthalic anhydride and benzidine pos¬ 
sesses the structure IV and therefore a configuration like V. Still fur¬ 
ther evidence supporting the Kaufler configuration was provided by the 



fact that, in addition to the two enantiomorphic <>,^/-dinitr(Kliphenic 
acids of Christie and Kenner, a third substance with apparently the same 
structure I had previously been reported by Schultz;®® a logical inter¬ 
pretation of this additional isomer was accordingly that it had the sym- 

*^For a summary, see R. Adams and H. C. Yuan, Chem. Revs. 12 , 261 (1933); R. L, 
Shriner, R. Adams, and C. S. Marvel in H. Gilman, Organic Chemistry^ John Wiley and 
Sons, New York, 1st od., 1938, Volume I, pages 259 ff., 2nd ed., 1943, Volume I, pages 
343 ff. 

®*G. H. Christie and J. Kenner, J. Chem. Soc. 121 , 014 (1922). 

2®F. Kaufler, Ann. 361 , 151 (1907). 

»G. Schultz, Ann. 203 , 95 (1880); J. Schmidt and A. Kilmpf, Ber. 36, 3745 (1903). 
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metrical configuration, VI, with a plane of symmetry parallel to, 


NO* 



COJl 


VI 

and halfway lietwecn, the benzene rings. 

. In spite of the experimental support which it had thus received, the 
Ivaufler configuration of biphenyl was never very widely accepted, and it 
soon was completely discarded. In 1920, Christie, Holderness, and 
Kenner found that Schultz’s dinitnxliphenic acid was not a stereo- 
isomeric o,o'-compound with structure I after all, but was instead a 
structurally isomciic o, 7 >'-compound with structure VII. They found 
also that it, like the true o,(>'-isomer, could be resolved. This fact alone, 
of course, w'as sufficient to exclude the symmetrical configuration VI. 
.Moreover, Le F^vre and Turner Kuhn, Jacob, and Furter^^ 

showed that Kaufier’s original evidenen for his configuration w^as in¬ 
correct since the product of the reaction between phthalic anhydride 
and benzidine has structure VUI instead of IV. Still more recently, 



VII VIII 


studies of dipole moments ^ and of crystal structure have sho^vn that 
the two benzene rings in biphenyl and in several of its derivatives are 
coaxial; or, in other w^ords, that, in the molecule of any compound of this 
type, a straight line drawn along the central carbon-carbon bond and 
continued in each direction passes through the two para carbon atoms. 
The experimental evidence supporting the Kaufler configuration was ac¬ 
cordingly found to be incorrect, and the configuration was showm to be 
untenable. 

G. H. Christie, A. Holderness, and J. Kenner, J, Chem, Soc. 1926, 671. 

32 R. J. W. Le F6vre and E. E. Turner, J. Chem, Soc. 1926, 2476. 

« R. Kuhn, P. Jacob, and M. Furter, Ann, 466, 264 (1927). 

3* A. Weissberger and J. W. Williams, Z. physik, Chem. B3, 367 (1929), 

» J. Dhar, Indian J. Physics 7, 43 (1932); C,A, 26, 4517 (1932). 
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There still remained, however, the fact that various derivatives of 
biphenyl are optically active. Some other interpretation of the molec¬ 
ular dissymmetry of these substances had therefore to be provided. A 
hint as to the direction in which this interpretation was to be sought 
was provided by the regularities observed in both the occurrence and 
the nonoccurrence of optical a(*tivity. As the problem was studied more 
carefully, and as the number of kno^vm optically active biphenyls greatly 
increased, two conditions that are necessary for optical activity became 
apparent. In the first place, it was found that every optically active 
biphenyl possesses several bulky substituents in the positions ortho to 
the central c^arbon-carbon bond (the so-called pivot ho7id); and, in the 
second place, it was found that every optically active biphenyl is so sub¬ 
stituted that neither of its two benzene rings possesses a plane of sym¬ 
metry that is perpendicular to the plane of the ring and that contains the 
pivot bond. Thus, of the two above resolvable dinitrodiphenic acids, 
the o,o'-isomer, 1, has four large ortho substituents, and the o,p'-isomer, 
VII, has three. Moreover, neither ring of either of these two substances 
has a plane of symmetry in the required position, although, of course, 
each ring, when considered by itself alone, has a plane of symmetry in 
its own plane. On the other hand, aU attempts to resolve the unsub¬ 
stituted diphenic acid, IX, have failed, presumably because the number 



HO2C OCII3 
02N 0CH3 

X 


of ortho substituents is insufficient; similarly, all attempts to resolve the 
substance with stnicture X have also failed, presumably because the 
ring with the two methoxyl groups has a plane of symmetry of the re¬ 
quired type. Additional examples of both active and inactive biphenyls 
are given below in this section. 

On the basis of the. foregoing empirical generalizations, a satisfactory 
interpretation of the optically active biphenyls was soon discovered. 
The accepted view, which was closely approached by Christie and 
Kenner as early as 1922, was expressed in its present form almost 
simultaneously in 1926 by Turner and Le F6vre,®® by Bell and Kenyon,®^ 
and by Mills.®® This view is that, in aU the biphenyl derivatives, the 

**E. E. Turner and R. J. W. Le Ffevre, Chemistry & Industry 45 » 831, 883 (1926). 

^ F. Bell and J. Kenyon, Chemistry & Industry 46 , 864 (1926). 

** W. H, Mills, Chemistry & Industry 45 , 884 (1926), 
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two benzene rings are coaxial, but that, in the optically active ones, the 
rings are held in approximately perpendicular planes by the repulsions 
of the ortho substituents, (('f. Sections 1-15 and 9 *6.) Thus, the con¬ 
figurations of the enantiomorphic o,o'-dinitrodiphenic acids are con¬ 
sidered to be XI and XIL It is easily verified that these configurations 
are indeed nonsuperposable mirror images of one another. 



XI xn 


On the other hand, the parent diphcnic acid, which cannot be resolvedr 
must be able to achieve a completely planar conformation, in which the 
plane of the molecule is a plane of symmetry; this planar conformation 
is presumably the one represented by diagram XIII rather than the one 


HOsC 



COsll 

XIII 


represented by IX (these two diagrams now being considered to repre¬ 
sent not merely structures but also geomctricjal forms), since the inter¬ 
ference of the two carboxyl groups in IX would doubtless prevent the 
coplanarity of the rings, whereas the much smaller interference of the 
carboxyl groups and hydrogen atoms in XIII would be insufficient to do 
so. The reason why every optically active biphenyl must have bulky 
ortho substituents should now be apparent; for, without such sub¬ 
stituents, the molecule can always become planar so that it possesses a 
plane of symmetry. 

If one or more dissymmetric substituents arc attached to a biphenyl system, the 
substance may of course be optically active even when the two rings can achieve 
the coplanar conformation. This conclusion follows because the plane of the two 
rings might then no longer be a plane of symmetry for the entire molecule, including 
the dissymmetric substituents. Such a substance would not, however, be an ^‘opti¬ 
cally active biphenyl,” in the sense in which the term is used here. It would instead 
be merely an optically active substance of a type that depends on the nature of the 
dissymmetric substituents; the presence of the biphenyl system would then be purely 
incidental. 

Moreover, the further inactive substance X must also possess a plane 
of symmetry, even though the two rings probably cannot be coplanar. 
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As can be seen from the configuration XIV, this plane of symmetry is 
the plane of the ring at the left of the figure (i.e., the plane of the paper). 
The reason why every optically active biphenyl must be so substituted 
that neither benzene ring has a plane of symmetry which is perpendicular 
to it and which contains the pivot bond should now be apparent; for, if 



XIV 


either ring has such a plane of sj^mmetry, then the plane of the other ring 
is a plane of S 3 ^mmetry for the entire molecule when the two rings are 
mutually perpendicular. (As before, the possibility that dissymmetric*, 
substituents may be attached to the biphenyl system can be ignorc^d as 
irrelevant.) 

It should be noted here that the above discussion does not imply either 
that diphenic acid, IX (or XIII), is held rigidly in the planar conforma¬ 
tion, or that the substance X (or XIV) is held rigidly in the conforma¬ 
tion in which the two rings are perpendicular to one another. As a mat¬ 
ter of fact, it is improbable that the molecules of either substance spend 
more than small fractions of their time in the cjonformations in question. 
Nevertheless, even though all remaining conformations are diss^^m- 
metric, each substance must be optically inactive. The justification for 
this statement is that the molecules are able to assume symmetric con¬ 
formations; when th(J 3 " depart from these conformations, the probabilitic^s 
that they will assume any given dissymmetric ones are exactly equal to 
the probabilities that they will instead assume the enantiomorphic ones. 
Consequently, each substance may be described, in a certain sense, as a 
nonresolvable racemic modification. The situation here is thus anal¬ 
ogous to that with mcso-tartaric acid. (See pages 191 f.) 

The above interpretation of the optically active biphenyls receives 
considerable support from several further kinds of experimental evidence. 
If the activity is due to a lack of coplanarity of the two benzene rings, 
it should disappear if the rings were enabled in some way to become co- 
planar. Thus, if the two acetyl groups of the optically active substance 
XV are removed by hydrolysis, an inactive dilactam, XVI, results.®® 



J. Meiaenheimer and M. Horing, Ber. 60, 1425 (1927). 
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are still present, as in the above-mentioned o,p'-dinitrodiphenic acid, 
VII, and also in the further substances XIX and XX.**® Moreover, 


O2N NO2 

02N<^~~^>-<^~^N02 

H02C~ITO2 


XIX 



in some substanc(\s, such as the ones with structures XXI ^ and XXII, 



Br 

Cll/ V/ ^CITs 

H2N BFNHa 

XXII 


two very large ortho substituents permit optical activity; since these sub¬ 
stances are easily raccmized, however, they can evidently achieve the 
coplanar conformations without particularly great difficulty. The a,a'- 
binaphthyl derivative, XXlll,^®*^^ also can be resolved, although race- 
mization is again easy ; apparently, therefore, the benzene rings w ith the 
carboxyl groups act as ortho substituents upon the biphenyl system to 
which they are fused. (.)n the other hand, the similar a,iS'-binaphthyl 
derivative, XXIV,cannot be resolved; here only a single ortho sub- 



XXIII 



stituent is present. In the arsonium salt, XXV,^® some fairly conclusive 
Br A?f^H 3 ) 3 l- 

XXV 

^ H. A. Stearns and R. Adams, J, Am. Chsm. Soc. 62, 2070 (1930). 

R. Adams and J. B, Hale, J. Am. Chem. Soc. 61, 2825 (1939). 

^ M. S. Lesslie and E. E. Turner, J. Chem. Soc. 1932, 2394. 

^ W. I. Patterson and R. Adams, J, Am. Chem. Soc. 67, 762 (1935). 

« A. CorbelHni, AUi accad. Lined IS, 702 (1931); C.A. 26, 1277 (1932). W. M. Stanley. 
. Am, Chem. Soc. 63, 3104 (1931). 

J. Meisenheimer and O. Beisswenger. Ber. 66 , 32 (1932). 

^ M. S. Lesslie and E. E. Turner, J. Chem. Soc. 1933,1588; see also R. Adams and T. L. 
Cairns, J. Am. Chem. Soc. 61, 2179 (1939). 
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evidence of optical activity has been reported; if this substance is indeed 
active, then a single substituent, provided that it be sufficiently large, 
can prevent coplanarity. 

As has already been suggested, the size of the ortho substituents is also 
an important factor governing the occurrence of optical activity. Even 
in those molecules which have fewer than four substituents, hydrogen 
atoms are present at the otherwise unoccupied ortho positions. If these 
hydrogen atoms are considered to fill up apprecialde volumes, as they 
must certainly do (cf. Section 9*0), then every biphenyl, regardless of the 
number of ortho substituents, has four blocking atoms or groups. It is 
evident from the above data, however, that hydrogen atoms are too small 
to interfere successfully with any but the largest groups. That other 
small atoms can have similar limitations is shown by tlie sequence of 
(jompounds I, XXVI,^^ and XXVII/^^ As has been mentioned several 


nOgC 

L> 

COoII 

HOoC 

O 

COjH Cl F 

<z> <z> 

F 

Cl 

OjN 

NOj! 

F 

F IIO 2 C F 

F 

CO 2 H 


I XXVI XXVII 


times already, the first of these three substances can readily be resolved; 
j^nce, moreover, the optically active forms cannot be racemized, the re¬ 
sistance to the achievement of coplanarity must he very great. If the 
two nitro groups are replaced by the much smaller fluorine atoms, as in 
the compound XXVI, the substance can still be resolved, but racemiza- 
tion is now easy. Finally, if the carboxyl groups also are replaced by 
fluorine atoms, as in the compound XXVII, the substance can no longer 
be resolved. (The presence of additional substituents in XXVII is re¬ 
quired in order that neither benzene ring have a plane of symmetry 
perpendicular to itself.) In a similar manner, the substance XIX, above, 
cannot be racemized,^^ whereas XX, with smaller substituents, can be.'*^ 
Considerable success has been achieved in the attempt to treat in a 
more quantitative manner the relation between the sizes of the ortho 
substituents and the resolvabilities of the corresponding biphenyls. 
From x-ray and other similar data, the atomic and group radii given in 
Table 6* 1 have been derived. These radii imply that each substituent 
atom or group is to be regarded as a sphere with the radius stated. Two 
groups in the ortho positions of different benzene rings may be assumed 
just to touch in the planar conformation if the sum of their radii is equal 
to 2.90 A. Consequently, if this sum is appreciably less than 2.90 A, the 
groups do not interfere significantly; if it is appreciably greater than 

M. Stanley* E. McMahon, and R. Adams, J. Am, Chem, Soc, SB, 706 (1933). 

E. C. Kleiderer and R. Adams, J. Am. Chem. Soc. 66 , 4219 (1933). 
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TABLE 6-1 

AT(mir AND ORorr Radii Used in Estimating the Amounts of Interferenc e 
BETWEEN Ortho SuBSTlTUENTS IN BiPHENYLS® 


rn or Group 

Radius {in A) 

H 

0.04 


1.30 

OH 

1.45 

Cihll 

1.50 

NH2 

1.50 

Cll3 

1.73 

Cl 

1.80 

NO 2 

1.02 

Br 

2.11 

I 

2.20 


® R. L. Shriner, R. Adams, and C. R. Mai*vel in TT. Oilman, Organic. Chemistry, John 
Wiley and Sons, New York, Ist ed., 19^i8, Volume I, pages 268 f. 

2.90 A, they interfere strongly; and if it is approximately equal to 2.90 A, 
they interfere slightly. There is, of course, no sharp dividing line be¬ 
tween the pairs of groups which do, and those which do not, interfere; 
nevertheless the table has proved useful in the interpretation of the oc¬ 
currence and nonoccurrence of optical activity. For example, in the 
nonracemizable o,o'-dinitrodiphenic acid, I, the sums of the group radii 
are 3.84 A for two nitro groups, 3.12 A for two carboxyl groups, and 
3.48 A for one nitro and one carboxyl group. No matter which pairs of 
groups interfere, therefore, great interference cannot be avoided. With 
the substance XXVI, similarly, the sums of the radii are 2.78 A for two 
fluorine atoms, 3.12 A for two carboxyl groups, as before, and 2.95 A 
for one fluorine atom and one carboxyl group. Although the fluorine- 
fluorine interaction is therefore so small that it probably would not 
greatly hinder coplanarity, the conformation in which the two fluorine 
atoms interfere with one another requires that at the same time the two 
carboxyl groups also interfere with one another (as in diagram XXVI). 
Consequently, the easy racemization of the substance probably proceeds 
through the planar conformation shown in diagram XXVIII, in which 


F CO 2 H 



XXVIII 


each fluorine atom interferes with a carboxyl group. Finally in the 
tetrafluoro compound, XXVII, only fluorine-fluorine interactions are 
possible; accordingly, the substance cannot be resolved. 
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The foregoing rather qualitative considerations have been made much 
more precise in recent semiquantitative treatments,^^'®^ [q which use is 
made of empirical values for the energies required to overcome inter¬ 
atomic repulsions and to stretch, shortc^n, and bend valence bonds. Al¬ 
though the details of these elaborate computations are too complex to 
be given here, mention may nevertheless be made of the fact that the 
calculated activation energy for the racemization of 2,2'-dibromo-4,4'- 
dicarboxybiphenyl, XXIX (18 kcal per mole), is of a quite reasonable 

Br Br 

H02C<( ^COzII 

XXIX 


magnitude and can hardly be seriously in error. 

As was mentioned above, diphenic acid cannot be obtained in optically 
active form. This fact is reasonable since the molecule can achieve the 
planar conformation XIII, in which the carboxyl groups interfere only 
with hydrogen atoms; the sum of radii is then equal to 2.50 A, which is 
appreciably less than 2.90 A. On the other hand, the substance should 
be resolvable if the only permissible planar conformation were IX, in 
which the two carboxyl groups interfere strongly with each other; the 
sum of the radii would then be 3.12 A, which is appreciably greater than 
2.90 A. That this conjecture is correct receives support from the fact 
that the two substances XXX, with n equal to 8 and to 10, have been 


IIO 2 C CO 2 II 

O —(CH2)„— o 

XXX 


resolved. Here, a conformation analogous to XIII is rendered impossible 
Iby the chain of methylene groups joining the meta carbon atoms; con¬ 
sequently, the slow racemization which occurs must proceed through a 
conformation analogous to IX. As has just been shown, however, such 
a conformation is made unstable by the interference of the carboxyl 
groups. The resolvability of the substance is therefore explained. 

Although a satisfactory explanation of the optical activity of the bi¬ 
phenyls can be obtained with the assumption that rotations about the 
pivot bonds are restricted by the atoms or groups in the ortho positions 


“ F, H. Westheimer and J. E. Mayer, J, Ckem, Pkya. 14 , 733 (1946). See also T. L. 
Hill, ibid. 14 , 465 (1946); I. Dostrovsky, E. D. Hughes, and C. K. Ingold, J. Chem. Soc. 
1946 , 173. 

“F. H. Westheimer, J. Chem. Phys. 15 , 252 (1947). 

*• R. Adams and N. Kornblum, J. Am. Chem. Soc. 63, 188 (1941). 
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(cf., however, the preceding paragraph), some evidence can be brought 
forward to support the belief that still other factors must also be in¬ 
volved. Thus, at 25®C the optical rotatory power of an ethyl alcoholic 
solution of the substance XXXI decreases to half its original value in 
9.4 minutes.^ However, if a nitro group is introduced in the meta posi¬ 
tion that is ortho to the methoxyl group, the “half-life^^ of the resulting 
substance, XXXII, under identical conditions is increased to 1905 min- 



XXXT XXXII 


utes.*^^ The nitro group here can hardly interfere directly with the ortho 
substituents on the other ring, but it may do so indirectly by repelling 
the methoxyl group and by thus forcing it to intcrfcjrc more strongly in 
the compound XXXII than in XXXI. Many of the variations in 
optical stability produced by substituents in positions other than ortho 
may be attributed to a ^‘buttressing effect” of this type. An extreme 
example is provided by 2,3,2',3'-tetraiodo-5,5'-di(jarboxybiphenyl, 
XXXIII, which is racemized only about 3.3 X 10'^^ times as fast as is 


I I I I II 



XXXIII XXXIV 


the analogous 2,2'-diiodo-5,5'-dicarboxybiphenyl, XXKIV.*^^ The idea 
of buttressing is, however, not sufficient to explain all effects of substit¬ 
uents in positions other than ortho upon the rate of racemization; for 
example, it cannot account for the fact that, with the substance XXXV, 



XXXV 


the nitro group in the para position increases the half-life (in acetone) 
to 115 minutes. Its effect is therefore similar to, although smaller than, 

W. Stoughton and R. Adams, J, Am. Chem. Soc. 4426 (1932). 

**S. L. Chien and li. Adams, J. Am. Chem. Soc. 56, 1787 (1934). 

•• P. H. Westheimer and M. Rieger, personal communication, 

^ W. E. Hanford and R. Adams, J, Am. Chem. Soc. 57, 1692 (1936). 
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that of the meta nitro group in the compound XXXII. Numerous fur¬ 
ther examples of such variations have been reported. Obviously, certain 
additional effects of not completely understood nature are responsible 
for these smaller variations in optical stability; possibly, electrostatic 
interactions of some kind are involved. 

A very striking, and theoretically important, characteristic of the 
optically active biphenyls is that they, unlike the optically active sub¬ 
stances of all the classes considered heretofore, cannot be unambiguously 
classified by means of type formulas. For example, in discussing the 
structure XXXVI, one cannot make a general statement either that the 


R S 



IIO 2 C F F CO 2 H 

XXXVI 

corresponding substance must be resolvable or that it must be non- 
resolvable. Moreover, the situation is unaltered if the condition is im¬ 
posed that the symbols II and S must represent the same substituent, 
or that they must represent different substituents, or that they must or 
must not represent fluorine. Indeed, the resolvability or nonresolvability 
.of the substance XXXVI cannot be predicted unless it is known pre¬ 
cisely what atoms or groups are represented by the symbols R and S. 
Thus, a substance of structure XXXVI should be resolvable if R and S 
are both nitro groups or if one is a nitro group and the other is a carboxyl 
group; on the other hand, it should be nonresolval)le if R and S are both 
hydrogen atoms or if one is a hydrogen atom and the other is a hydroxyl 
group. The situation here is therefore entirely different from that en¬ 
countered with the other classes of optically active compound. Thus, 
any substance wth structure XXXVII should be resolvable if no two 


P—C—R 

XXXVII 


R R 

\ / 

c=c=c 

/ \ 

s s 

XXXVIII 


of the atoms or groups P, R, S, and T are identical, but it should be non- 
resolvable if at least one pair of them is identical; similarly, any sub¬ 
stance with structure XXXVIII should be resolvable if R and S are dif¬ 
ferent, but nonresolvable if they are identical; and so on. With such 
substances, one can make the desired predictions without knowing ex¬ 
actly what the atoms or groups are, provided only that the required 
identity or nonidentity of pairs of them be satisfied. (In the foregoing 
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discussion, the assumption must, of course, be made that no substituent 
in XXXVI, XXXVII, or XXXVIII is itself dissymmetric.) 

As with the allenes and their analogs, none of these optically active 
biphenyls contain asymmetric atoms. 

6*13 Analogs of the Optically Active Biphenyls. An obvious 
way in which the principles discussed in the preceding section can be 
generalized is by the introduction of additional benzene rings and of ad¬ 
ditional pivot bonds into the molecules considered. Thus, a substituted 
terphenyl of stmcture I can exist in altogether three stereoisomeric. 
forms. The tram form, II, is optically inactive because it has a center 



of symmetry; the two cis forms, III and IV, however, are enantiomorphs 
of each other, Avith neither center nor plane of symmetry. All three of 
these, tetrabromo compounds, on further bromination, are transformed 
into the same inactive hexabromo derivative, V; this fact strongly 

Br CH 3 Br_OH 

^^ ~ CH, 

Br CH, OH Br CH, Br 

Y 

supports the generally accepted interpretation of the isomerism. 

Of the two further stereoisomeric terphenyls, VI and VII, the tram 
form, VI, again possesses a center of symmetry, but the cis form, VII, 



P. R, Shildnock and R. Adams, J. Am. Chem. Soc. 53, 343, 2203 (1931). 
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now has a plane of symmetry in the plane of the two external rings. 
Both forms are therefore optically inactive.^® 

A different type of structure with two pivot bonds is shown by VIII. 



CH3 CII3 


VIII 

Since the two biphenyl systems here are equivalent, a meso form and a 
pair of enantiomorphs should exist. Two inactive forms have been 
prepared; these are presumed to be meso and racemic, but no attempt 
has been made to resolve either form/® 

A second obvious generalization of the optically active biphenyls con¬ 
sists in the replacement of one or more benzene rings with rings of other 
types. In the substance IX, in which one of the two rings is quinoid in¬ 
stead of aromatic, rotation about the central carbon-carbon bond must 
be restricted, just as it is in a tnie optically active biphenyl, since the 
compound has been resolved into enantiomorphic forms.®® Moreover, 
the further structure, X, is analogous to I and, like it, has been found 



to correspond to both a meso form and a pair of enantiomorphs.®® 
Heterocychc rings also can be introduced without essential alteration of 
the situation. Each of the structures XI,XII,®^ XIII,®® and XIV, 
for example, belongs to a separable pair of enantiomorphs; and the fur¬ 
ther structure, XV,®® with two equivalent pivot bonds, corresponds to 


R. Adams and R. M. Joyce, Jr., J, Am, Chem, Soc, 60, 1489 (1938). 
D. W. Hill and R. Adams, J . Am, Chem. Soc, 53, 3453 (1931), 

^ E. H, Woodruff and R, Adams, J, Am, Chem, Soc, 64, 1977 (1932). 
L. H. Bock and R. Adams, J, Am, Chem, Soc, 53, 374 (1931). 

C. Chang and R. Adams, J, Am, Chem, Soc, 53, 2363 (1931). 

W. I. Patterson and R. Adams, J, Am, Chem, Soc, 55, 1069 (1933). 
“ C. Chang and R. Adams, J, Am, Chem, Soc, 56, 2089 (1934). 
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HO,C 


_CH, CII, 

o-a 

CH, CH, COJI 
xm 


oj:^ 



CHi 




CH, 


CH. CH, 


HO,C 



CH, CH.\^^>COdI 


XV 


both a meso form and a pair of enantiomorphs. 

Among the analogs of the optically active biphenyls are included sev¬ 
eral substances which owe their activities to the restriction of rotation 
about pivot bonds that do not join two distinct rings of any kind. Typi¬ 
cal examples are represented by the structures XVI and XVII,in 

CO2H 
CHa ' 

CeHff-SOz— ll NOa 

AX 

\A/ 

XVII 


H3C—N—C^OCHa 
3O3H 


a 

CH 3 

XVI 


which the pivot bonds are between the carbon atoms of the remaining 
rings and the nitrogen atoms of the noncyclic substituents; and also by 

“ W. H. MiUs and R. M, Kelham, J. Chem. Soe. 1987, 274. 

” W. H. MiUs and K. A. C. EUiott, J. Chem. Soe. 19SS, 1291. 
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the structures XVIII and XIX/® in which the pivot bonds are be- 



N+—CHs 


CH3—C 



XIX 


tween pairs of carbon atoms. (For further discussion of compound 
XVII, see pages 235 f.) 

Finally, a substituted benzoic acid with structure XX has been foimd 



XX 


to be resolvable.^® Here, the chain of ten CH 2 groups is in front of the 
plane of the ring in one enantiomorph, and behind that plane in the 
other enantiomorph. Racemization of the optically active forms would 
therefore require that the chain pass round the ring from a position be¬ 
hind it to one in front of it, or vice versa. The situation is accordingly 
analogous to that with the enantiomorphs possessing the structure XXX 
of the preceding section. (See page 211.) 

As with the optically active biphenyls proper, none of the above sub¬ 
stances contain asymmetric atoms. 

6*14 Optical and Geometricjal Isomerism. Although stereo¬ 
isomerism is commonly divided into the smaller fields of optical and 
geometrical (or cis-trans) isomerism, the distinction between these two 
subdivisions is rarely, if ever, stated explicitly. Often, indeed, optical 
isomerism is described merely as that kind of stereoisomerism displayed 
by the tartaric acids, and geometrical isomerism is described as that kind 
displayed by maleic and fumaric acids. Such descriptions are clearly 
not definitions, however, since the significant point of difference between 

R. Adams and M. W. Miller, J, Am, Chem, Soc, 69, 53 (1940), 

^ J. Meisenheimer, W. Theilacker, and O. Beisswenger, Ann. 496 , 249 (1932). 

^ A. Lttttringhaus and H. Gralheer, NalurwisBenacha^tm 28 , 255 (1940); Ann, 567, 108 
(1947); C.A. 42 , 879 (1948). 
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the two kinds of isomerism is not specified. On the basis of merely these 
examples, one might, in fact, draw the completely erroneous (and rather 
ridiculous) conclusion that stereoisomers arc optical isomers of each 
other if the number of oxygen atoms in the molecule of each is greater 
than that of carbon atoms, and are geometrical isomers otherwise. 

In view of the vagueness Avhich thus generally attends the terms 
'^opticaF' and ^‘geometricar^ isomerism, a consideration of the meanings 
of these terms is desirable here. Such a consideration is made rather 
difficult, however, by the fact that no complete agreement exists among 
chemists as to exactly where the dividing line between the two types of 
stereoisomerism is to be dra\^^rl. Thus, many chemists consider efs- 
cyclohcxane-l,2-dicarboxylic acid, I, to be a geometrical isomer of the 


CH2—Clla CH2-CH2 



CH2-CH2 



two enantiomorphic irans forms, II and III, as is indeed suggested by 
the prefixes cis and trans^ respectively; other chemists, however, con¬ 
sider all three stereoisomeric forms to be optical isomers of one another, 
as is suggested by the close analogy with the three corresponding tartaric 
acids. (Cf. page 190.) The two enantiomorphic trans forms, of course, 
are- always regarded as optical isomers of each other. It is therefore 
clearly impossible for any definition of optical and geometrical isom¬ 
erism to lead to a classification of stereoisomers in complete agreement 
with the usage of all chemists. 

Another difficulty encountered in the attempt to state precisely the 
distinction between geometrical and optical isomerism is that some sub¬ 
stances must be regarded as both optical and geometrical isomers of one 
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another at the same time. For example, the ester IV, formed from czs- 


H—C—CO 2 —(+)-C4H9 


H—C— CH3 

IV 


H—C—CO 2 —(- )-C4H9 
CH 3 —C—II 

V 


crotonic acid and (+)- 5 ^r-butyl alcohol, and the ester V, formed from 
^mn.s-crotonic acid and (—)- 5 ec-butyl alcohol, must be so regarded. As 
a result of this unavoidable overlapping, the distinction between the 
two kinds of stereoisomerism is neither so clean cut nor so useful as is 
that, for example, between structural isomerism and stereoisomerism. 
(The above-mentioned m- and <rans-cyclohexane-l,2-dicarboxylic acids 
may be considered similarly to be both optical and geometrical isomers, 
but they do not need to be. When the definitions given below are em¬ 
ployed, in fact, they are found to be purely optical isomers.) 

The formulation of satisfactory definitions of optical and geometrical 
isomerism can now be attempted. Since, as was pointed out above, 
there exist borderline cases which are classified differently by different 
chemists, it is evident that the desired definitions can be stated in sev¬ 
eral equally satisfactory, but nonequivalent (and indeed mutually in¬ 
consistent), ways. The definitions adopted below are therefore not 
\inique; moreover, they are not necessarily the best ones that could be 
devised. 

Before the distinction between optical and geometrical isomerism can 
be stated, the concept of a dissymmetric grouping must be introduced. 
Such a grouping may be defined as a set of interconnected atoms, which 
represents a part or the whole of a neutral molecule or ion, and which 
satisfies aU three of the following conditions. 

1 . The grouping must be dissymmetric in at least one of its possible 
configurations. 

2 . The addition of any further atoms to the grouping (whether these 
are contained in the molecule under consideration or not) cannot produce 
a larger grouping violating condition 1 . 

3. The removal of any one of the external atoms of the grouping (i.e., 
the removal of any single atom which is bonded to only one other atom 
of the grouping) must produce a smaller grouping violating either con¬ 
dition 1 or 2 (or both). 

A few examples will make the situation clearer. With chlorobromo- 
iodomethane, VI, the entire molecule is a dissymmetric grouping since 


CHClBrl -CHClBr 

VI vn 

( 1 ) it is dissymmetric in at least one (actually in both) of its possible con¬ 
figurations; ( 2 ) it cannot be expanded, by the addition of further atoms. 



220 The Configurations of Carbon Compounds Sec. 6*14 

to a larger group of any sort, and so it obviously cannot be expanded to 
one violating condition 1; and (3) the removal of any external atom from 
it, such as the iodine atom, leaves a residue like VII, which would be 
made symmetric by the addition of a second hydrogen atom, and which 
therefore violates condition 2. Obviously there is no further dissym¬ 
metric grouping in chlorobromoiodomethane. In a similar way, the two 
glyceraldehydes of structure VIII contain the dissymmetric grouping 


CHO 

1 

CHOH 

I 

CH2OH 

vin 


-C=0 

H—C—0~ 

-G—O—H 

1 

IX 


IX; here, the entire molecule is not a dissymmetric grouping since it 
violates condition 3. Moreover, the inositols, allenes, spiranes, and bi¬ 
phenyls of structures X-XIII, respectively, contain the dissymmetric 
groupings XIV-XVII, respectively. 

CIIOH-CHOH H 

CHOH ^CHOH 

^CHOH—CHOU CH, CH, 

X xt 


,CHr-CH, CH,—CH, 
HO,o-qH ^c;^ ^CCO,H 

CH2—CH2 CH2; CHj 
xn 


CO2H CO2H 



xm 



O—C 

I /' '' 

-C-C-H 

' \l l> 


A, “A'- 



XVI 


xvxx 
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A molecule may contain two or more diss 3 nnmetric groupings. The 
tartaric acids of structure XVIII, for example, contain the two equiv¬ 


C 02 H 


-0=0 

1 

Ahoh 


H—C—CII 2 - 

1 

Ahoh 

1 

H—C— 0 - 
1 

1 1 

-c—c- 
1 1 

A02H 

-C—H 

i 

1 

-o- 

1 

XVIII 

XIX 

XX 


alent ones represented by diagram XIX, whereas the analogous cyclo¬ 
hexane-1,2-dicarboxylic acids, I-III, contain the two equivalent ones 
represented by diagram XX. As in these last two examples, different 
dissymmetric groupings within the same molecule may have atoms in 
common, although they do not need to do so. 

Stereoisomerism can exist in the complete absence of dissymmetric 
groupings, as, for example, with maleic acid, XXI, and fumaric acid, 

H—C—CO2H H—C—CO2H 

II II 

H—C—CO2H HO2C—C—H 

XXI XXII 


CH2—CH2 CH2—CH2 



zxvxu 
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H—C—CeHs 



H2C-~C,H5 
H—C—CO2H 
HaC—CoHj 


XXX 


XXXI 


XXII, with the two cyclohexane-1,4-dicarboxylic acids, XXIII and 
XXIV, and with the five truxillic acids, XXV-XXIX. (The grouping 
XXX of the truxillic acids satisfies the first of the above conditions for a 
dissj'^mmetric grouping, but it violates the se(;ond since it is transformed 
into the symmetrical grouping XXXI by the addition of two hydrogen 
atoms.) 

Geometrical isomers can now be defined as stereoisomers which do not 
differ in the configuration of any dissymmetric grouping. Thus, maleic 
and fumaricj acids, the two cyclohexane-1,4-dicarboxylic acids, and the 
five truxillic acids exhibit only geometrical isomerism. As with these 
examples, any set of stereoisomers without a dissymmetric grouping 
must consist of purely geometrical isomers, and can contain no optically 
active member. 

In an analogous manner, optical isomers can be defined as stereoiso¬ 
mers which differ only in the configuration or configurations of one or 
more dissymmetric groupings. Thus, the two glyceraldehydes, the three 
tartaric acids, and the three cyclohexane-1,2-dicarboxylie acids (cf. 
structures VIII, XVIII, and I, II, and III, respectively) exhibit only 
optical isomerism. As with these examples, a set of purely optical iso¬ 
mers always contains at least one pair of enantiomorphs; it may or may 
not contain in addition one or more optically inactive meso forms. 

In more complicated cases, geometrical and optical isomerism may 
occur simultaneously. For example, the four sec-butyl crotonates, IV, 
V, XXXII, and XXXIII, contain only the one dissymmetric grouping. 


H—C—CO2—(~)-C4H9 
H—(i—CHs 


XXXII 


H—C—CO2—(+)-C 4 H 9 

II 

CHs—C—H 

XXXIII 


CHs 

-c!:—i—i)- 


' 

XXXIV 


XXXIV, which forms part of the «ec-butyl group. The two cie-croton- 
ates, rV and XXXII, are purely optical isomers of each other since they 
differ only in the configuration of this dissymmetric grouping; similarly, 
the two irana-crotonates, V and XXXIII, are also purely optical isomers 



Sec. 6*15 


223 


Optically Active Series 

of each other. On the other hand, the two esters of (+)-scc-butyl al¬ 
cohol, IV and XXXIII, are purely geometrical isomers of each other 
since they do not differ in the configuration of the dissymmetric group¬ 
ing; similarly, the two esters of (—)-sec-butyl alcohol, V and XXXII, 
are also purely geometrical isomers. Finally, the esters, IV and V, are 
both geometrical and optical isomers, as was stated above (page 219); 
and the esters, XXXII and XXXIII, also are related in this same way. 

In many, but unfortunately not in all, instances, the foregoing rather 
formidable definitions of optical and geometrical isomerism can be re¬ 
placed by simpler ones. In maleic and fumaric acids, XXI and XXII, 
respectively, the two carboxyl groups, the two remaining hydrogen 
atoms, and the two remaining carbon atoms form a set of six atoms or 
groups whi(;h are held rigidly in a single plane. On account of the free¬ 
dom of rotation about the oxygen-hydrogen and carbon-carbon single 
bonds, all the atoms of the carboxyl groups do not have to lie in the same 
plane as the rest of the molecule. However, since these groups are not 
dissymmetric, they are stereochemically equivalent to single atoms, 
which can be assumed to lie in the plane of the molecule. In many 
other simple examples of purely geometrical isomerism, a similar set of 
six coplanar atoms or groups is present, and the isomers differ only in the 
arrangement of these atoms or groups in the plane. With certain stereo- 
' isomeric nitrogen compounds, however, either one or two of these six 
atoms or groups may be missing. (See Sections 8-3 and 8*6.) Even 
with the cyclohexane-1,4-dicarboxylic acids, XXllI and XXIV, in which 
at any single instant the flexibility of the ring permits the atoms in 
question to depart appreciably from coplanarity, the average conforma¬ 
tion, which alone is stereochemically significant, is doubtless planar. 
With the truxillic acids, inositol, and numerous other substances, how¬ 
ever, this simplified definition of geometrical isomerism is not completely 
unambiguous, and so it cannot be generally used. 

Whenever stereoisomers differ otherwise than in the arrangement of 
a set of six coplanar atoms or groups, the isomerism may be considered 
to be optical. As with the corresponding definition of geometrical isom¬ 
erism, however, this further definition of optical isomerism also is re¬ 
stricted to simple cases and is not generally applicable. 

In view of the complexity of any precise statement of the distinction 
between geometrical and optical isomerism, and in view also of the in¬ 
adequacy of any less elaborate version, this distinction will be employed 
very little throughout the remainder of the book. 

6»1S Optically Active Series. The sign of the rotation produced 
by an optically active substance can occasionally be reversed by a change 
in the experimental conditions, (See Section 5*6.) A further factor 
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which similarly introduces confusion into stereochemical classification 
is that a parent substance often gives rise to derivatives with identical 
configuration but with opposite sign of rotation. For example, the salts 
and esters of the levorotatory lactic acid, I, are dextrorotatory. For 

CII3—CHOH—CO2H 

I 

these reasons, it would be desirable to include in the complete name of 
an optically active substance a symbol which refers directly to the con¬ 
figuration of the substance and is independent of the sign of rotation. 
This symbol would then remain unchanged when the substance, under 
different conditions, exhibits different signs of rotation, or when it forms 
derivatives with opposite rotation. 

It may be doubted whether any completely general and completely 
unambiguous classification of configurations, of the type desired, is pos¬ 
sible; certainly, no such classification has as yet been devised. Never¬ 
theless, there has been developed a scheme which permits the classifica¬ 
tion of configurations (but not without some ambiguity) within certain 
narrowly defined groups of compounds. This scheme consists in dividing 
configurations into those of the so-called D-series and those of the l- 
series on the basis of the genetic relationships among them. A substance 
is then said to belong to the n-series (or to the L-series) if it is, respec¬ 
tively, a derivative of a different substance belonging to the i)-series (or 
L-series). 

Originally, the two optically active scries were designated by the lower-case pre¬ 
fixes d- and Z-; more recently, however, the corresponding small capitals d- and L-, 
just mentioned, have instead become rather widely adopted. At the present time, 
there is no single convention that is uniformly and consistently used throughout 
the chemical literature. Thus, many authors retain the older symbols dr and U to 
represent the two series, and then employ the different symbols (+)*■ and (—)- to 
represent the two possible signs of rotation; other authors have adopted the newer 
symbols d- and l- to represent the series, and then employ the older ones d- and 
Z-, or the expressions (dextro)- and (levo)-, to represent the signs of rotation; still 
others, unfortunately, use the same prefixes d- and I- to represent both the series 
and the signs of rotation, and then ignore the resulting confusion. Throughout 
this book, the optically active series are designated only by the prefixes d- and L-, 
and the signs of rotation are designated only by the prefixes (-h)- and the now 
quite ambiguous symbols d- and Hr are therefore not used at all. (Cf. pages 135 f.) 

In order that an optically active series may be set up, some particular 
substance must be defined as belonging to the n- or L-series, so that the 
remaining substances may be related to it. Originally, Emil Fischer 
chose the natural dextrorotatory glucose as the prototype of the D-series, 
and, accordingly, he named this substance D-glucose. More recently, 
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dextrorotatory glyceraldehyde, II/® has been chosen instead; since these 


CHO 

I 

n—c—on 

I 

C112O11 

II 


CHO 

I 

HO—C—H 
CIIaOH 

III 


two conventions lead to the same assignment of scries, no ambiguity re¬ 
sults. 

The way in which the optically active scries are built up can be il¬ 
lustrated by a few examples. As has been mentioned before (see Sec¬ 
tion 0-7), (+)- and (—)-glyceraldehyde are by definition assigned the 
plane configurations IT and III, respectively. Also by definition, they 
are said to belong to the d- and L-serics, so that their complete names 
arc, respectively, i)-(+)- and l-(—)- glyccraldchyde. By the well-known 
methods of carbohydrate chemistry,the aldehyde group in each of these 
substances can be changed into a CHOU—Cl 10 group. (However, see 
below.) Since this larger group contains an asymmetric carbon atom 
that is not present in the original one, each of the glyceraldeliydes can 
give rise to two products which, not being enantiomorphs, need not be 
formed in equal amounts. Thus, D-(-h)“glyceraldehyde, II, gives rise 
To the tetroses IV and V, which are therefore said to belong to the d- 


CHO 

I 

H—C—OH 

I 

H—C—OH 

I 

CH2OH 

IV 


CHO 

I 

HO—C—H 
H—C—Oil 

I 

CII 2 OH 

V 


CHO 

I 

11— 0 —OH 

I 

HO—C—H 

I 

CIIaOH 

VI 


CHO 

I 

HO—C—H 

HO—C—H 

1 

CH 2 OH 

VII 


series. Similarly, i/-(—)-glyceraldehyde, III, gives rise to the tetroses 

VI and VII, which are .said to belong to the n-series. It is particularly 
important here to observe that the assigmnent of the several tetroses 
IV-VII to the D- and L-scries is based entirely on the preparation of the 
substances from d- and i/-glyccraldehyde; it is completely independent 
of the signs of rotation. Actually, each of the n-sugars, IV and V, is 
levorotatory in aqueous solution, whereas each of the L-sugars, VI and 
VII, is dextrorotatory.''^ 

The procedure can be continued further. Each of the tetroses IV- 

VII can be transformed into two pentoses, each of which can in turn be 


^ See any elementary textbook of organic chemistry, 

^ Cf. M. L. Wolfrom in H. Gilman, Organic Chemistry, Johy Wiley and Sons, Inc., New 
York, 1st ed., 1938, Volume II, page 1411, 2nd ed., 1943, Volume II, page 1544. 
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transformed into two hexoses, and so on. In each reaction, the two 
products, regardless of their signs of rotation, belong to the same op¬ 
tically active series as does the substance from which they are derived. 
Three of the four D-aldopentoses and two of the eight n-aldohexoses are 
levorotatoiy in aqueous solution after the equilibria between the a and 
ft forms have been attained; neccssaril}^, therefore, three of the four 
L-aldopentoses and two of the eight L-aldohexoses arc dextrorotatory. 
In general, and without explicit reference to the sequence of reactions 
starting with the glyceraldehydes, the optically active series to which 
any monosaccharide belongs is determined by the configuration about 
the asymmetric carbon atom that is farthest removed from the carbonyl 
group; when the chain of carbon atoms is written vertically and with 
the carbonyl group at the top, the hydxoxyl group upon the atom in 
question is to the right of the chain in the J>-scries, and to the left in the 
L-series. 


Several of the reactions mentioned in the two preceding paragraphs have not as 
yet Ixsen carried out in the laboratory. Howtjver, the configurational relationships, 
which were explained above with rt'fcTC'nce to th(‘se hypotlicit ical reactions, have 
been experimentally established in indirect ways which need not be described here. 


If the glyceraldehydes are oxidized, they give the glyceric acids VIII 


C02li 

H—c—on 


CO 2 II 


HO—C—H 


I 

CH2OH 

VIII 


I 

CII2OH 

IX 


and IX. The first of these products, VIII, even though it is levorotatory, 
is said to belong to the D-series on account of its genetic relationship to 
D-glyceraldehyde; it is accordingly called d-(—)- glyceric acid. Sim¬ 
ilarly, its enantiomorph, IX, is called T^(+)-glyt;eric acid. In accord¬ 
ance with the most widely accepted convention, an a-hydroxy acid is 
said to belong to the D-series if it contains the grouping X, and to belong 


CO2H 

H—C—OH 

I 


HO—C 

I 

XI 


CO 2 H 

I 

H 


to the L-series if it instead contains the grouping XL If more than one 
-CHOH — CO2H group is present in the molecule, this definition of 
D- and L-series may become ambiguous; consequently, the series are not 
often employed with such substances, except with the tartaric acids, 
with which there is no ambiguity. 
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The arbitrariness of the now generally accepted definitions of the op¬ 
tically active series can be made apparent by a more detailed considera¬ 
tion of the glyceric acids. The acid VIII was said to belong to the d- 
series because of its formation from the n-aldehyde, II. In principle, 
however, it could instead be formed equally well from the L-aldehyde, 
III; for if, in the compound III, the primary alcohol group at the bottom 
is oxidized to a carboxyl group, and if the aldehyde group at the top is 
then reduced to a primary alcohol group, the resulting configuration is 
XII, which is easily seen to be identical with VIII. Of course, this sec- 

C^H201I 

I 

HO~-C~II 

I 

CO 2 II 

XII 


ond transformation is more complicated than is the first, but logically 
the two are on the same basis. Only (‘.onsiderations of convenience have 
led to the adoption of the first as the significant one. 

Aside from the monosaccharides and the a-hydroxy acids, no other 
important independent opti(;ally active series have as yet been defined. 
These two series have been extended somewhat, however, in the follow¬ 
ing way. The a-chloropropionic acid, XIII, may be said to have the 



same configuration as does d-(—)- lactic acid, XIV, because the two 
molecules differ only in the replacement of the chlorine atom by the 
analogous hydroxyl group. Consequently, the substance of configura¬ 
tion XIII, like the one of configuration XIV, is considered to belong to 
the D-series; hence, the former compound is called D-a-chloropropionic 
acid. Similarly, the alanine represented by configuration XV is called 
L-alanine on account of its similarity in configuration to L-(+)-lactic 
acid, XVI. In all such instances, the prefixes d- and l- refer only to con¬ 
figuration and not to the sign of rotation. The problem of deciding 
which enantiomorphs possess which configurations is made difficult by 
the possibility of Walden inversions (see Section 7*8), and it cannot al¬ 
ways be solved with complete finality. For example, all the a-amino 
acids, (such as alanine) which are obtained by the hydrolysis of proteins 
are known to belong to the same series; this series is thought to be L. 
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The simple method of classification outlined above has proved to be 
very useful within the narrowly restricted field to which it applies. The 
attempt to devise a similar method that can be extended to significantly 
broader fields, however, encounters serious difficulties. The nature of 
some of these difficiulties should be apparent from what has already been 
said; that of another one is illustrated by the sequence of reactions shown 
in Figure G-3.^® The net result of these reactions is the interchange of a 
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I 

CO2CH3 
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I 
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I 
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I 
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CONH 2 

(—)-isopropyl- 
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Figurk C-3. The conversion of an optically active substance into its own enantio- 
morph by a sequtmee of reactions that do not directly involve the asymmetric 

carbon atom. 


carboxamide group CONH 2 and a carboxyl group CO 2 H, without de¬ 
struction of the asymmetry of the central carbon atom at any stage. 
(The plane projection diagrams in this figure serve only to show the rel¬ 
ative configurations of the substances in question with respect to one 
another, and they may not be correct with respect to the glyceralde- 
hydes. Cf. Section 6*7.) Now, the final product, (—)-isopropyl- 
malohamic acid, is the enantiomorph of the original substance, (+)- 
isopropylmalonamic acid; these two compounds must therefore belong 
to different series. Consequently, a sudden transition from one series 
to the other must be considered to have occurred in some single reaction 

^®E. Fischer and F. Brauns, Ber, 47 , 3181 (1914). 
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Optically Active Series 

of the sequence. There is, however, no logical and unambiguous way to 
decide in which particular reaction the change takes place, since all the 
reactions seem clearly to be of the same general type. It should there¬ 
fore be evident that, with respect to the various compounds participating 
in the reactions of Figure 6-3, the concept of optically active series would 
have little theoretical significance or practical utility. 

The reaction map of Figure 6*3 is of considerable theoretical interest from still 
another point of view. It was pointed out on page 187 that, if the tetrahedral model 
of the carbon atom is correct, then the configuration of any asymmetric carbon 
atom must ha inverted if two of the atoms or groups joined to it are interchanged. 
The reactions by which (+)-i8opropylmalonamic acid is transformed into its enantio- 
morph provide exj>erimcntal evidence which confirms this theoretical conclusion. 
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The Stereochemistry of Carbon 


7*1 Stereochemistry. In Chapter G, stereoisomerie substances 
were treated as merely so many aggregates of nonequivalent geometrical 
figures. The emphasis was accordingly placed upon the different types 
of configuration, upon the numbers of possible or actual stereoisomeric 
forms, and upon the conventional systems of graphic^al repn^sentation 
and of nomencilature. In this chapter, on the other hand, stereoisomeric 
substances are instead treated as chemical compounds in the full mean¬ 
ing of the term. The emphasis will accordingly now be placed upon the 
chemical properties of the substances, upon their chemical relationships, 
and upon the chemical effects of their geometri(?al differences. 

7*2 Resolution.^ Wlienever a substance that can be optically 
active is prepared under the usual experimental conditions from ex¬ 
clusively inactive reagents (whether these be symmetrical or racemic), 
the product is always the inactive racemic modification. (However, see 
Section 7*4.) For, in view of the complete symmetry of the experi¬ 
mental situation, the probability that a molecule of the dextrorotatory 
enantiomorph will be formed is exactly equal to the probability that one 
of the levorotatory enantiomorph will be formed. For example, in the 
preparation of a-chloropropionyl chloride by the chlorination of propi- 
onyl chloride, I, the a-hydrogen atom that is replaced in the reaction 


COCl 
H—C—H 
CH3 


COCl 
H—Cl 

I 

CH3 

n 


COCl 

Cl—C—H 

1 

CH 3 

III 


may be either the one at the right of the figure or the one at the left. In 
the former event, n-a-chloropropionyl chloride, II, results; in the latter, 
the enantiomorph, L-a-chloropropionyl chloride, III, is formed instead. 
Since the two hydrogen atoms in question are equivalent, the probability 

*For general discuseions of methods of resolution, see F. Ebel in K. Freudenberg, 
Stereochemie, Franz Deuticke, Leipzig and Vienna, 1933, pages 664 IT.; R. L. Shriner, R, 
Adams, and C. S. Marvel in H. Gilman, Organic Chemistry^ John Wiley and Sons, New 
York, Ist ed., 1938, Volume 1, pages 187 ff., 2ud ed., 1943, Volume 1, pages 254 ff. 
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that either will be replaced must be exactly equal to the probability that 
the other will be replaced. Consequently, the product must be racemic. 
Similarly, in the preparation of j3-chlorobutyric acid by the addition of 
hydrogen chloride to crotonic acid, IV, the hydrogen chloride has equal 
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probabilities of approaching from the front of the paper to give the 
product V, and from the rear to give the enantiomorph VI. Conse¬ 
quently, the product must again be racemic. Any other type of re¬ 
action in which dissymmetric molecules are made from symmetric ones 
can be shown in a completely analogous way to be incapable of leading 
to an optically active product. Moreover, since enantiomorphs must 
have identical rates of reaction with all optically inactive reagents, it is 
evident that no active products can result from reactions between race¬ 
mic modifications and any such reagents. 

The two examples of the production of racemic modifications from symmetrical 
reagents (given above) involved the assumption that any entering substituent neces¬ 
sarily occupies the same position in space as did the one which it replaces, and also 
the further assumption that any two new substituents introduced by the addition 
of a reagent molecule to a double bond necessarily approach from the same side of 
the original unsaturated molecule. These assumptions, which were made here only 
for the sake of simplicity, are frequently incorrect, as will be discussed later (cf., 
for example, Sections 7*8 and 7*9); the conclusions reached with their aid are never¬ 
theless correct. In fact, the same conclusions are obtained no matter what assump¬ 
tions are adopted in regard to the detailed mechanisms of the reactions; for, in gen¬ 
eral, any reaction by which one enantiomorph is formed from inactive reagents is 
the mirror image of a second reaction in which the other enantiomoiph is formed 
from the same reagents; the two reactions must therefore always proceed at the same 
rate. (Cf. pages 153 f.) 

If it is desired to obtain an optically active product, instead of the 
inactive one that is formed in the reaction employed, a resolution must 
be performed. Such a separation of a racemic modification into its two 
active components is made rather difficult, however, by the close sim¬ 
ilarity of enantiomorphs in nearly all their properties. A separation by 
crystallization, for example, is impossible because enantiomorphs have 
identical solubilities in all optically inactive solvents and also (within 
the limits of measurement) in all active solvents as well. A separation 
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by fractional distillation is likewise impossible because enantiomorphs 
have identical boiling points at all pressures, and identical vapor ten¬ 
sions at all temperatures. In a small number of instances, however, 
partial separations have been effected by fractional adsorption on an 
optically active adsorbent. Thus, the camphor derivative, VII, is 
partially resolved when a dilute solution of the racemic modification in 
a hydrocarbon solvent is allowed to trickle down through a tube packed 
with lactose.^ The dextrorotatory form is adsorbed more strongly by 
this optically active sugar than is its enantiomorph; hence samples of the 
substance recovered from the top and bottom of the tube are, respec- 



vn 
OH 

N=N 

vni 

tively, dextro- and levorotatory after they have been separated from the 
lactose. Moreover, it has been claimed that, in an analogous way, the 
dextrorotatory form of the azo compound, VIII, dyes wool appreciably 
faster than does its enantiomorph,® so that a solution of the racemic 
modification becomes slightly levorotatory after having been in contact 
with wool for some time. This claim was, however, disputed by 
Erode and Adams.® 

Two important methods of resolution were developed by Pasteur. The 
first of these, known as the method of spontaneoits separation^ was dis¬ 
covered by Pasteur^*® in 1848, while he was engaged in a crystallo- 

»G. M. Henderson and H. G. Rule, Nature 141, 917 (1938). 

* C. W. Porter and H. K. Ihrig, J, Am, Chem. Soc, 46 , 1990 (1923); see, however, W. R. 
Brode and R. Adams, ibid, 48, 2193, 2202 (1926). 

* L. Pasteur, Ann, chim, [3] *4, 442 (1848); 88 , 66 (1850). 

* L, Pasteur, two lectures delivered before the Soci6t6 Chimique de Paris, January 20 
and February 3, 1860. See L. Pasteur, Researches on the Molecular Asymmetry of Natural 
Organic ProdudSf Alembic Club reprint, University of Chicago Press, Chicago, 1902; 
(Euvres de Pasteur, Masson et Cie., Paris, 1922, Volume 1, pages 315 if., 329 
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graphic study of (+)-tartaric acid (the only optically active tartaric 
acid that was known at the time when he commenced his investigations), 
and of racemic tartaric acid (called racemic acid), and of numerous salts 
of each. It had previously been found that these two acids have iden¬ 
tical compositions and structures, but that they differ in numerous 
physical and chemical properties and, in particular, in their effecjts upon 
plane polarized light. It had also been found previously that the crystals 
of (+)-tartaric acid and of all its salts which had been examined are dis¬ 
symmetric, but that those of racemic acid and of all its salts which had 
been examined (with the single exception of sodium ammonium race- 
mate) are instead symmetric. In order to gain experience in a, to him, 
new field of scientific investigation, Pasteur repeated the older very 
precise microscopic examination of these various crystals. In doing so, 
he discovered a remarkable fact which had been missed by the earliei' 
workers. This fact was that the crystals of sodium ammonium racemate 
are of two different kinds, provided that they have been obtained by 
crystallization from water at a temperature below about 27°C. The 
crystals of one type have exactly the same dissymmetric form as do 
those of the sodium ammonium salt of (+)“tartaric acid, whereas the 
crystals of the second type are the nonsuperposable mirror images of the 
former, Pasteur separated the two kinds of cr^’^stal under magnification 
and examined them independently. The crystals of the first type proved 
to be identical in all respects with those of sodium ammonium (+)- 
tartrate, and from them he was able to obtain ordinary (+)-tartaric 
acid. The crystals of the second kind, however, were found to give a 
levorotatory aqueous solution, and from them Pasteur was able to ob¬ 
tain a hitherto unkno^^^tl levorotatory tartaric acid. The specific rota¬ 
tion of this new acid is equal in magnitude to that of (+)-tartaric acid, 
but it is opposite in sign; and its crystals are the nonsuperposable mirror 
images of those of (+)-tartaric acid. It is therefore evident that Pasteur 
had separated sodium ammonium racemate into its two enantiomorphic 
components, and that his new levorotatory tartaric acid was the sub¬ 
stance now known as (—)-tartaric acid. He had accordingly effected 
the first resolution of a racemic modification. 

In principle, this method of resolution can be applied generally in all 
instances in which the solid racemic modification is a conglomerate (cf. 
Section 5-12) composed of observably different crystals. In practice, 
however, only about a dozen instances in which this condition is satisfied 
have been reported in the organic chemical literature.® Consequently, 

* F. Ebel, in K. Freudenberg, Stereochemiet Frans Deuticke, Iieipzig and Vienna, 1933^ 
SMge 565. 
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the method, although of great historical and theoreticjal importance, is 
seldom applicable. 

Pasteur^s second method of resolution ^ is of much greater generality 
than is his first; it is the only one which is now commonly used. It is 
based upon the transformation of the mixture of enantiomorphs into a 
mixture of diastereomers, which, since they may differ in physical prop¬ 
erties, can often be separated relatively easily. This transformation 
requires the use of some previously obtained optically acitive substance. 
For example, Pasteur showed in 1853 that, when racemic acid is treated 
with any one of the optically active bases (alkaloids), quinine, cin¬ 
chonine, quinicine, brucine, or cinchonicine, the resulting salt is a mix¬ 
ture of diastereomers and is no longer one of enantiomorphs. Thus 
(if, for definiteness, the base is assumed to be dextrorotatory), the Siilt 
formed from the (+)-acid and (+)“base is not the mirror image of the 
one formed from the (—)-acid and the same (+)-base; the mirror image 
would instead be the salt formed from the (—)-acid and (—)-base. The 
two salts that are present in tlie mixture may therefore be expected to 
have different solubilities and so to be separable by crystallization. 
After the separation has been carried out, the salt from the (+)-acid and 
(+)-base gives the optically pure (+)-acid when treated with a strong 
mineral acid, and the other salt gives the optically pure (—)-acid when 
similarly treated. The optically active base can, of course, be recovered 
and used for further resolutions. (In regard to the legitimacy of d(j- 
scribing salts as diastereomers or as enantiomorphs of one another, see 
page 130.) 

Since a large number of optically active alkaloids, in addition to those 
mentioned above, occur in nature, this method for the resolution of a 
racemic acid can be widely varied. It is not, however, completely gen¬ 
eral since, with any given racemic acid, there may arise certain complica¬ 
tions which make the procedure inapplicable. The mixture of diaster- 
eomeric salts may, for example, be an uncrystallizable syrup or oil; or 
it may be an inseparable solid solution or compound. Even if these, dif¬ 
ficulties do not occur, the solubilities of the two salts may be so similar 
in all solvents that the desired separation is extremely difficult. Finally, 
although the less soluble diastereomer can often be precipitated from the 
solution in a satisfactorily pure state, the more soluble one, when re¬ 
covered from the mother liquor, is nearly always contaminated with its 
isomer (or, more precisely, stoichiomer). Consequently, the method, 
in its simplest form, seldom permits the isolation of both optically pure 
enantiomorphic acids. These difficulties, of varying types, can fre¬ 
quently be avoided by the employment of several different optically 

» L. Pasteur, Ann. chim. [3] 38, 437 (1853); Compt. rend, 87, 162 (1853). 
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active bases, or of several different solvents, or of both. In this way, 
there may perhaps be found some particular combination of base and 
solvent which permits a satisfactory separation of the diastereomeric 
salts. If no such combination can be found, however, a resolution is still 
sometimes possible if the racemic acid is transformed into a (still racemic) 
derivative which can be resolveid, and from w'hich the original substance 
can be regenerated. For example, the allenic‘acid, IX (cf. page 199), 
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could not be resolved since its salts did not crystallize; its derivative, X, 
however, was easily resolved through its brucine salt.® Although re¬ 
generation of the original acid, IX, was here not attempted, the op¬ 
tically active methyl ester, XI, was obtained.® Clearly, in these difficult 
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instances, the problem can be attacked only by trial and error, and no 
assurance can be given that any satisfactory method of resolution will 
ultimately be discovered at all. 

Different sorts of complication can arise if the enantiomorphs which 
it is desired to separate are optically unstable or, in other words, are 
easily racemized. Under such circumstances, it may happen that the 
diastereomeric salts are obtainable, but that decomposition of either 
salt leads to the same racemic acid from which both were made. On the 
other hand, under similar circumstances, it may happen instead that 
nearly the entire racemic acid is transformed into only one of the two 
theoretically possible diastereomeric salts. For example, if the acid XII 
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P. Kohler, J. T. Walker, and M. Tischler, /. Am. Chem. Soc. 57. 1743 (1935). 
» E. P. Kohler and W. J. Whitcher, J. Am. Chem. Soc. 62. 1489 (1940). 
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is dissolved in acetone and treated with one equivalent of brucine, a 94 
per cent yield of a single salt is precipitated. (A 50 per cent yield would 
be the maximum expected here since the remaining 50 per cent should 
be in the form of a different diastcreomeric salt.) If this salt is decom¬ 
posed Avith sulfuric acid, there is obtained a brucine-free solution of the 
organic acid, which is initially dextrorotatory, but which rapidly loses 
its optical activity. No active acid can be isolated from the solution. 
Apparently, in this instance, the salt formed from the dextrorotatory 
acid is mu(;h less soluble in acetone than is its diastereomer formed from 
the levorotatory acid. Consequently, the less soluble salt precipitates 
alone and almost completely. On account of the optical instability of 
the acid, however, the material remaining in solution is rapidly race- 
mi zed, and the additional dextrorotatory acid thereby produced is also 
precipitated as its insoluble brucine salt. The process continues until, 
as stated above, 94 per cent of the original racemic acid is obtained as the 
salt of the dextrorotatoiy enantiomorph. This example is by no means 
exceptional, since a number of other ones are also known. With at least 
the one compound XIII, in fact, the racemic acid can be changed almost 
completely into Avhi(4iever one of the two diastereomeric brucine salts 
may be desired, since the salts of the dextro- and levorotatory acids are 
precipitated from solutions in methyl alcohol and acetone, respec¬ 
tively.^® As before, brucine-free solutions of the acids lose their activities 
rapidly, and the optically active acids cannot be isolated. (The acid 
XIII, of course, owes its optical activity to a restriction of rotation about 
the carbon-nitrogen bond at the right of the figure. Cf. Section 6*13.) 
In examples of the two preceding types, the fact that the acids in ques¬ 
tion are actually active is shown, even though the enantiomorphic forms 
cannot be isolated, by the observed activities of the alkaloid-free solu¬ 
tions. In other instances, however, optically active alkaloid-free so¬ 
lutions cannot be obtained; unstable activities of the original acids can 
then sometimes be inferred with some assurance, however, if the solu¬ 
tions of the alkaloid salts show rotations which vary with the time and 
which approach as limits the rotations observed with equivalent solu¬ 
tions of the salts formed between the same alkaloids and optically in¬ 
active acids. 

From the discussion so far, it may appear that Pasteur’s second 
method of resolution is restricted to racemic acids. No such limitation 
actually exists, however, since the method can be extended to include 
nearly all, if not all, other types of compound. A racemic base, for ex¬ 
ample, can in an obvious manner be resolved by separation of the dia- 

w W. H. Mills and K. A. C. Elliott, J, Chem. Soc, IMS, 1291. 
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stereomeric saits formed between it and an optically active acid. Nu¬ 
merous acids are readily available for this purpose, just as numerous 
bases (alkaloids) are available for the resolution of acids. Thus, (+)- 
camphor-lO-sulfonic acid, XIV, and (+)-camphoric acid, XV, can be 
easily obtained by sulfonation and oxidation, respectively, of the natu- 
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rally occurring (+)-camplior, XVI; i>-(+)-tartaric acid, XVII, and 
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Lr-(— )-malic acid, XVIII, occur naturally; and so on. (For the assign¬ 
ment of configurations to these last two acids, see Section 7-12.) 

Several methods have been devised for the resolution of a racemic 
alcohol or phenol. One of these methods involves the formation of the 
half-ester of a dibasic acid like phthalic or succinic acid; the product, 
being acidic, can then be resolved in the manner already described and 
finally hydrolyzed to the enantiomorphic forms of the original alcohol or 
phenol. Further methods are based upon the formation of diastereo- 
meric esters of D-(+)-tartranilic acid, XIX, or of (-~)-menthoxyacetic 
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acid, XX; and upon the fonnation of diasteromeric urethans by the 
action of (—)-menthyl isocyanate, XXI. 

Aldehydes and ketones have been resolved through their diastereo- 
meric hydrazones or semicarbazones, which are themselves formed from 
optically active hydrazines or semicarbazides, respectively; and similar 
schemes of greater or less complexity have been worked out for most re¬ 
maining types of compound. Even some racemic hydrocarbons, such 
as dipentene, XXII, have been resolved by means of their diastereo- 
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meric choleic acids.^^ (Cf. Section 2-11.) This last method is of course not 
restricted to hydrocarbons but is very generally applicable, since a great 
many different kinds of substance form such addition compounds with 
desoxycholic and apocholic acids; for example, 2-phenyl-l-butanol, 
XXIII, camphor, XVI, and methylethylacetic acid, XXIV, have been 
thus resolved.'^ 

All these closely related methods of resolution, in which the racemic 
modification is first transformed into a mixture of diastereomers, are of 
course subject to the various types of limitation discussed more fully 

“ H. Sobotka and A. Goldberg, Biochem, J. 26, 905 (1932). 
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above in connection with the resolution of racemic acids. It is of in¬ 
terest, therefore, that some success has been achieved in the separation of 
diastereomers by procedures not involving fractional crystallization. 
Partial separations have been effected in a few instances, for example, 
by frac.tional distillation and by fractional adsorption on optically 
inactive adsorbents.^® Such methods have not as yet, however, been so 
widely applied or proved so generally effective as have the more familiar 
ones based on crystallization. 

The two methods of resolution discovered by Pasteur are not the only 
ones now known. Another method, reminiscent of the earliest one (i.e., 
that of spontaneous separation), but of somewhat greater generality, 
makes use of an induced selective precipitation of one enantiomorph from 
a supersaturated solution of the racemic modification. Such a separa¬ 
tion occurs in certain instances when the solution is inoculated with a 
crystal of the desired enantiomorph; the solution itself, of course, re¬ 
mains supersaturated with respect to the other enantiomorph. Zinc 
ammonium lactate, for example, has been resolved in this way. Occa¬ 
sionally, the inoculating crystal ma}’^ be merely isomorphous, and not 
identical, with the enantiomorph which precipitates; thus, a crystal of 
(~)-asparagine, XXV, causes the precipitation of pure sodium ammonium 
(+)-tartratc from a supersaturated solution of the corresponding race- 


’'O2C—CII—CIIa—CONII, 

XXV XXVI 

mate. An apparently spontaneous separation of atropine sulfate, XXVI, 
is reported to have occurred wdien the racemic modification was crys¬ 
tallized from absolute alcohol; presumably here the solution was in¬ 
oculated by microscopic crystals that were suspended in the air of the 
laboratory in which the experiment was performed. 

A further method of resolving a racemic modification makes use of the 
difference between the rates at which two enantiomorphs react with an 
optically active substance. For example, (+)-mandelic acid, wdth struc¬ 
ture XXVII, is esterified appreciably more rapidly by (~)-menthol, 

M. E. Bailey and H. B. Hass, Am, Chem, Soc, 63, 1969 (1941). 

^ A. Stoll and A. Hofmann, Z. physiol. Chem, 261, 155 (1938), 

L. Anderson and D. W. HiU, J, Chem, Soc, 1228, 993. 
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XXVIII, than is its enantiomorph. Consequently, if, with the racemic 
acid, the reaction is stopped before it has gone to completion, the un¬ 
changed mandelic acid is slightly levorotatory. The small amount of 
(—)-mandelic acid that is thus present can be separated from the mucih 
larger amount of racemic mandelic acid by fractional crystallization. A 
corresponding amount of (4’)-mandelic acid should be obtainable by hy¬ 
drolysis of the ester formed, unless of course racemization occurs too 
rapidly. 

7*3 Asymmetric Syntheses and Decompositions.^^ As was 
stated above (pages 230 f.), an optically ac^tivc product cannot be 
formed in any reaction in whicdi all reagents are inac^tive and all other 
experimental conditions are also symmetrical. However, an optically 
active product can be formed in a reaction which employs active re¬ 
agents or dissymmetric conditions, or both. An obvious (and rather 
trivial) example of such a reaction is one in which an optically active 
substance is transformed into some derivative that also is active, as 
when an active acid is transformed into its ester or salt, or the like. 
Much more interesting examples, however, are also known; in these re¬ 
actions the reciuired optically active reagents play a less obviously 
fundamental role, and they do not form an essential part of the final 
product. Such reactions are commonly called asymmetric syntheses or 
asymmetric decompositions, as the case may be (although the word 
‘'dissymmetric’' would here seem more appropriate than does “asym¬ 
metric”). 

A typical example of an asymmetric synthesis is the reduction of 
benzoylformic acid, I, to mandelic acid, II. The molecule of the former 

CflHs—CO—CO2H CeHg—CHOH—CO2H 

I II 

For further discussions of asymmetric syntheses and decompositions, see F. Ebel in 
K. Freudenberg, Stereochemie, Frana Deuticke, Leipzig and Vienna, 1933, pages 680 ff.; 
R. L. Shriner, R. Adams, and C. S. Marvel in H. Gilman, Organic Chemistry, 
John Wiley and Sons, New York, 1st ed., 1938, Volume I, pages 224 ff., 2ud ed., 1943, 
Volume I, pages 308 ff. 
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substance is symmetric, and so, under the ordinary experimental con¬ 
ditions, the resulting mandelic acid must be completely racemic. How¬ 
ever, if the benzoylformic acid is first transformed into its ester with 
(—)-menthol, and if this mcnthyl benzoylfonnate is reduced with 
aluminum amalgam in moist ether, the two diastereomeric menthyl 
mandelates are not formed in exactly equal amount. Hydrolysis of the 
resulting ester gives a mandelic acid which is slightly levorotatory and 
which therefore must contain a slight excess of the levorotatory enantio- 
morph. This excess can, if desired, be separated from the racemic modi¬ 
fication by crystallization. The (—)-menthol used in the reactions is, 
of course, recovered unchanged. 

A second asymmetric synthesis of a somewhat different type involves 
the base-catalyzed addition of hydrogen cyanide to benzaldehyde.^® 
Since both these reagents are necessarily optically inactive, the product 
of the reaction, maiidelonitrile, 111, must be racemic if the reaction is 

Cells—CHOU—CN 
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carried out in the usual way with an optically inactive catalyst. How¬ 
ever, a slightly levorotatory nitrile is obtained if (+)-quinidine is used as 
catalyst, whereas a slightly dextrorotatory nitrile is obtained instead if 
(’~~)-quinine is used. The mandelic acids obtained by hydrolysis of these 
nitriles are slightly dextro- and levorotatory, respectively. Even 
though the signs of rotation of the acids are thus the opposite of those of 
the nitriles from which they are obtained, no changes in configuration are 
presumed to have occurred in the hydrolyses; these reactions merely 
provide further examples of the fact that a change in the sign of rotation 
does not necessarily imply a change in configuration. The optically 
active catalysts used in these reactions can of course be recovered un¬ 
altered. 

The asymmetric decompositions are completely analogous to the 
asymmetric syntheses; the distinction between the two types of reaction 
is, in fact, more or less arbitrary. If the racemic unsaturated alcohol, 
IV, is dehydrated by the action of (+)-camphor-10-sulfonic acid, VI, the 
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“G. Bredig and P. S. Fiske, Biochem. Z, 46, 7 (1912); G. Bredig and M. Minaeff, ibid 
S46, 241 (1932). 
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resulting allene, V, is dextrorotatory (cf. Section 6-11); the pure dextro¬ 



rotatory enantiomorph can be obtained from the original product by 
fractional crystallization.^^ On the other hand, if the same alcohol, IV, 
is dehydrated by the action of (—)-camphor-10-sulfonic acid instead, 
the levorotatory allene, V, is similarly obtained. The opposite eflects of 
the enantiomorphic sulfonic acids are in agreement with expectation. 
An optically inactive acid catalyst, of course, leads to a completely 
racemic allene. A second asymmetric decomposition is illustrated by the 
base-catalyzed decarboxylation of racemic camphor carboxylic acid, 
VII. If the reaction is stopped before completion, the camphor, VIII, 



(jJITa 



vm 


that has been formed is found to be completely racemic, or slightly 
dextrorotatory, or slightly levorotatory when the catalyst that is used is, 
respectively, an inactive base, or (+)-(iuinidine, or (—)-quinine. If, 
however, the reaction is allowed to go to completion, the product is al¬ 
ways, of course, racemic. 

Asymmetric syntheses and decompositions are of especially great 
importance in biological reactions, since the reactions which occur in 
living systems are so frequently brought about by optically active re¬ 
agents or are catalyzed by optically active catalysts (enzymes). For 
example, photosynthesis, by which green plants transform optically in¬ 
active water and carbon dioxide into active carbohydrates, must involve 
asymmetric syntheses. Similarly, the fact that the natural n-(+)- 
glucose is easily digested by animals and is fermented by yeast, whereas 


P. Maitland and W. H, Mills, Nature 135, 994 (1935). 
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its enantiomorph undergoes neither reaction, must be attributed to the 
occurrence of asymmetric de(*.ompositions. An important application 
of such biological reactions was discovered by Pasteur,^-'® Avho found 
that th(? mold Pcnicilliwm (jlmicum, when allowed to grow in the pres¬ 
entee of racemic; tartaric a(;id, preferentially destroys the dextrorotatory 
enantiomorph, so that the acid which remains becomes levorotatory. 
This method of obtaining optically active substances is fairly general, 
since other microorganisms have been found to have similar effects, and 
sinct; other racemic compounds have been found to be made a(;tive in 
similar ways; it has, however, serious limitations, since many substances 
an; not attacked by any known organisms, since sometimes the organ¬ 
isms attack both enantiomorphs with equal speed, and since often the 
organism destroys just the enantiomorph Avhich is desired. It should 
be noted also that the m(;thod cannot ])e called a resolution (i.e., a S(;pa- 
ration) since one of the two enantiomorphs is always destroyed. 

Mention may be made; here of a few further biological differences be¬ 
tween enantiomorphs.^^ These; differen(;es also must be related to the 
o(;currence of asymmetric syntheses or decompositions, and hence to 
the presence of optically a(;tive reagents or catalysts. The physi()logi(;al 
effect of the natural (—)-adrenaline, IX, is about twelve to fifteen times 


>CnOII~ ~CH2~N JlCTIa 


(ClhOoCII—CHo-CH-C^Oo” 

L 


as great as is that of its enantiomorph; l-(—)- tartaric a(;id is appreciably 
more poisonous than is its enantiomorph; (—)-leucine, of structure X, 
has an insipid and slightly bitter taste, whereas its enantiomorph is 
sweet; and so on. 

A numb(;r of other asymmetric s^mtheses and decompositions are in¬ 
termediate between these last, purely biological, reactions and the more 
typically chemical ones described earlier in this section. Thus, the ad¬ 
dition of hydrogen cyanide to benzaldehyde givi;s nearly, but not quite, 
pure (+)*"niand(;lonitrile, III, Avhen the enzyme emulsin is used as cat¬ 
alyst; benzoylforraic acid, I, when treated with raw milk, is reduced 
(presumably as a result of bacterial action) to (~-)-mandelic acid, II, 
containing a relatively small amount of the racemic modification; 
emulsin catalyzes the hydrolysis of (+)-, but not that of (—•)-mandelo- 

«L. Pasteur, Compt. rend. 46, 615 (1858); 61, 298 (1860). 

^®G. Wittig, Stereocheniie, Akadomische Verlagsgesellschaft, Leipzig, 1930, pages 20. 
71; H. Brockmann in K. Freudonberg, JStereochemie^ Franz Deuticke, Leipzig and Vienna 
1933, pages 921 Of. also G. M. Badger, Nature 159, 194 (1947). 
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nitrile, III, so that the racemic modification becomes levorotatory when 
treated with this enzyme; and so on. 

In the various examples given above, the biological catalysts are more 
effective in promoting asymmetric reactions than are the other types of 
optically active siibstaruje. The reason for this difference is possibly 
that the molecules of enzymes and the like contain very large numbers of 
as 3 nnmetric atoms, whereas the simpler chemical reagents contain only a 
few. An analogy is provided by the addition of hydrogen cyanide, in the 
presence of a little ammonia, to D-mannose, XI; of the two theoretically 
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possible products, XII and XIII, the former is obtained in much the 
greater amount. In this reaction, altogether four asymmetiic atoms 
(in the aldehyde form, XI) are present, and these arc able to direct the 
addition almost exclusively into only one of its two conceivable courses. 
This reaction is not, however, an ‘^asymmetric synthesis^^ in the sense in 
which the term is used in this section, since the D-mannose is not re¬ 
coverable but forms an essential part of the product. The distinction, 
however, is slight and possibly not very significant. 

7*4 Absolute Asymmetric Syntheses and Decompositions. 
All the asymmetric reactions of the preceding section require the pres¬ 
ence of a previously obtained optically active substance. Even though 
this substance is in principle recoverable, and hence is available for sub¬ 
sequent reactions, the necessity that it be employed at all imposes a 
rather serious theoretical limitation upon the reactions in question. If 
nature had not happened to be so kind as to provide a large number of 
optically active substances, asymmetric reactions of the foregoing types 
could hardly have been discovered. It is of great theoretical interest, 
therefore (although of little practical value), that several absolute asym¬ 
metric syntheses and decompositions, which are not subject to this 
limitation, have been carried out. These reactions, of course, depend 
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upon the production of dissymmetric experimental conditions by 
methods that do not require the use of any optically active substance or 
substances. 

The most logical, and only successful, approach to the problem of 
providing such dissymmetric conditions makes use of the fact that cir¬ 
cularly polarized light is not identical with its own mirror image and 
that, accordingly, two enantiomorphs may have different spectra when 
examined with circularly polarizcKl light. (Cf. page 154.) Since the 
rate of a phoiodmmical reaction is determiru^d by the amount of light that 
is absorbed by the molecules undergoing the reaction (and not by the 
total amount of light available), it therefore follows that two enantio¬ 
morphs can react at different rates in a photochemical reaction which is 
brought about by the action of circularly polarized light. Since, more¬ 
over, this requireid kind of light can be provided without the use of any 
optically active substances (for example, by^ reflection), it follows also 
that any optical activity produced in such a way must be attributed to 
an absolute asymmetric reaction of some sort. 

The most conclusive absolute asymmetric reaction that has been re¬ 
ported in the chemical literature is doubtless the photochemical decom¬ 
position of the dimethylamide, I, of racemic a-azidopropionic acid.^® 

CH3—CH—COx\ ( 0113)2 (CH3)2N—C—NII 2 

I ii 

N3 o 

I II 

(For the structure of the azido group “-N 3 , see page 461.) When right 
circularly polarized light with wave length about 3000 A was used, the 
levorotatory enantiomorph was found to be destroyed more rapidly than 
was the dextrorotatory one, so that the unchanged amide, which re¬ 
mained, became dextrorotatory. The only decomposition product 
identified was unsymmetrical dimethylurea, II. In this way there was 
obtained a-azidopropionic acid dimethylamide, I, with a rotation of 
0.78® in a 1 -dm tube. Since the rotation of the optically pure substance 
under the same conditions would have been 198®, the excess of the 
dextro- over the levorotatory form in this sample was therefore small. 
When left circularly polarized light of the same wave length was em¬ 
ployed, the undecomposed amide became slightly levorotatory, as ex- 

W. Kuhn and E. Knopf, Naturwissenschaften 18, 183 (1930); Z. physik, Chmi. B7, 292 
(1930), For an earlier successful, but less conclusive, experiment of the same type, see 
also W, Kuhn and E. Braun, Naturwissenschaftm 17, 227 (1929). For some still earlier, 
unsuccessful attempts, see A. Byk, Z. physik. Chem, 49, G41 (1904); Ber. 37, 4696 (1904); 
F. Ebel in K. Freudenberg, Stereochemie, Franz Deuticke, Leipzig and Vienna, 1933, pagee 
684 ff. 
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made by asymmetric syntheses or decompositions; and so on. If life 
started on this earth many millions of years ago by the coming together 
of simple inorganic, and optically inactive, materials, there must have 
been a time at 'which the optical activity began. The question there¬ 
fore arises how, in the absence of any pre-existing optically active sub¬ 
stances, this acjtivity (jould have begun. If life is assumed not to have 
started on this earth l)ut to have come from some other body, the dif¬ 
ficulty is merely pushed ))ack in time and is not avoided. Naturally, 
the answer to this question is unknown, and possibly unknowable. 
Scientists have nevertheless speculated about it for many years. 

Two types of theory have been advanced. The first of these is based 
upon the fact of spontaneous separation. It is not in(;onceivable that an 
optically active substance that was produ(;cd in small amount in this 
way may have been involved somehow in the origin of life. Thus, some 
early and very simple organism may have happened to consume d-(+)- 
sodium ammonium tartrate, or to have lived on the surface of a crystal 
of (-')-quartz, or the like. An objection raised against this explanation 
is that it depends too much upon chance. Thus, there should on the 
average be just as much l-(—) as i)-(+)-sodium ammonium tartrate for 
the organism to consume, and just as many ciystals of (+)- as of (—)- 
quartz for it to live on; the suggestion that the universal and uniform 
occurrence of optical activity could have arisen in such a manner seems 
a priori to be unlikely. (However, see below.) 

The second kind of theory is based upon the existence of absolute 
asymmetric syntheses and decompositions. The earth’s magnetic field, 
for example, provides a constant dissymmetric environment; hence, 
since all chemic.al reactions take place under the influence of this field, 
there is a possibility that every reaction is, to at least some extent, asym¬ 
metric. In the laboratory, however, all attempts to carry out asym¬ 
metric reactions in the presence of magnetic fields have so far failed. 
In other words, the optical activities which have been thus produced by 
relatively intense magnetic fields are too small to be observed (if, indeed, 
they are not actually zero); hence, it follows that any optical activities 
which are due to the relatively very weak magnetic field of the earth can 
at most be infinitesimal. In order to overcome this objection, Byk 
suggested that the effect of the earth’s magnetic field may have been an 
indirect one. His argument was as follows. Ordinary daylight is, to an 
appreciable extent, plane polarized because, first, the diffused light that 
comes in at right angles to the direct rays of the sun has an easily de¬ 
tectable plane polarized component; and, second, even the direct rays 
become more or less plane polarized when they are reflected from plane 
surfaces. Moreover, plane polarized light becomes partially circularly 
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polarized when it is, itseh, reflected from a plane surface. Consequently, 
there must be at least a trace of circularly polarized light in ordinary 
daylight. As a first approximation^ to be sure, the amounts of the thus 
produced right and left circularly polarized lights must, on the average, 
be equal. The earth’s magnetic field, however, introduces a dissym¬ 
metric factor which mjiy make one form of circularly polarized light 
predominate over the other form; for, while the light is still plane polar¬ 
ized, and before it has become circularly polarized, the earth’s field must 
slightly rotate its plane of polarization. (Cf. the Faraday effect, dis¬ 
cussed on page 138.) Consequently, since the finally resulting daylight 
has therefore been affected by a dissymmetric influence, it need not, 
even on the average, contain exactly equal amounts of the right and left 
circularly polarized components. Since daylight is therefore slightly 
dissymmetric, the products of photochemical reactions that are induced 
by daylight may have small optical activities. Although the direct ex¬ 
perimental proof that circularly polarized light can in fact lead to an 
absolute asymmetric reaction was not obtained until several years after 
Byk’s paper was published, this author nevertheless considered that his 
theory completely explains natural optictal activity. It may be ques¬ 
tioned, however, whether this more elaborate interpretation is signifi¬ 
cantly superior to the earlier and simpler view that the earth’s magnetic 
field directly causes the required asymmetric reactions. For, although 
the maximum optical activity which has as yet been produced by the 
action of a magnetic field in any reaction between optically inactive re¬ 
agents is unobservably small, there is no reason to expect that an ap¬ 
preciably greater optical activity could result from the action of ordinary 
daylight upon the same inactive reagents. Indeed, since only small op¬ 
tical activities are produced by light that is completely circularly polar¬ 
ized, only infinitesimal activities could be produced by daylight, in 
which the predominance of one type of circularly polarized light is ex¬ 
tremely slight. 

The objections which have been raised above to the several proposed 
explanations of natural optical activity may not be insuperable. Thus, 
the suggestion that the first optically active compound was produced 
by spontaneous separation becomes less imreasonable if life is assumed 
to have started only once, and if, therefore, all living organisms are con¬ 
sidered to be the direct descendants of some single, extremely simple 
organism. Moreover, the alternative suggestion that optical activity 
was produced, either directly or indirectly, by the dissymmetry of the 
earth’s magnetic field becomes less unreasonable if the effects of suc¬ 
cessive asymmetric reactions are assumed to be cumulative. Thus, the 
ratio of the amounts of the two enantiomorphs which are produced in 
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any particular asymmetric reaction may be set equal to 1 + where x 
is some extremely small positive number. Now, this slightly optically 
active product is one of the raw materials from which the same sub¬ 
stance will at some later time be resynthesized by either the same or a 
different organism; consequently, the ratio in question may be as large 
as (1 + when the material is prcniuced for the second time, and as 
large as (1 + ^0^ when it is produced for the nth time. No matter how 
small X may be (provided, of course, that it is not exactly equal to zero), 
the quantity (1 + x)^ can have any desired large value, if only n is suf¬ 
ficiently large. Moreover, since the formation and re-formation of the 
substance of interest must have occurred an enormous number of times 
since life began, n can legitimately be considered to be tjiioimous. Hence, 
the occurrence of optically pure substances in nature is not inconsistent 
with the belief that x must be extremely small. 

If natural optical activity is supposed to be the result of an original 
spontaneous separation, there still remains the problem of explaining 
why racemization has not occurred in the millions of years which have 
elapsed since the first optically active compound was produced. This 
difficulty is a serious one since many, although not all, of the naturally 
occurring optically active substances can, in the laboratory, be racemized 
without great difficulty. Moreover, if natural optical activity is instead 
supposed to be the result of the cumulative effe(;t of absolute asymmetric 
reactions, there remains the similar problem of explaining why the 
spontaneous racernization is not much faster than is the extremely slow 
approach to optical purity. In either event, therefore, it appears neces¬ 
sary to assume that optical activity has ‘‘survival value,^^ in the Dar¬ 
winian sense. There is, in fact, some reason to believe than an organism 
is aided by its optical activity. Thus, as a veiy simple example, a given 
organism may be assumed to have a certain dextrorotatory enzyme, 
which acts upon a certain dextrorotatory substrate, but which has no 
effect upon the enantiomorphic, and hence levorotatory, substrate. If 
this organism is “optically pure^^ (i.e., if it contains none of the levo¬ 
rotatory enzyme), and if the substrate is likewise optically pure, then all 
of the enzyme can act upon all of the substrate. On the other hand, if a 
second organism and its substrate are both “racemic/^ then only half 
the enzyme can act upon each enantiomorph in the substrate, and only 
half the substrate can be acted upon by each of the enantiomorphic en¬ 
zymes. The former organism is then clearly the better adjusted to its 
environment; hence it is doubtless the more efficient of the two, and has 
the better chance to survive and to reproduce. Whether the failure of 
racernization to occur is satisfactorily explained in the manner just out¬ 
lined cannot at present, however, be definitely decided, since there is not 
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as yet sufficient information regarding the mechanisms and kinetics of 
all the essential biological reactions. 

Many of the known onzym<\s liavo the complete st(*reochemical spcHiificity that 
was postulated in (he precH'ding paragraph. (Cf. pages 242 f.) Moreover, it, is 
highly imi)robable that any enzyme without at k^ast some st(^i*eochemical speciificity 
could be develop(?d in the evolutionary process. I'or, since there is no rt'ason why, 
say, a dextrorotatory enzyme must have exactly (he same effiicts upon enantio- 
morphic substrates, a complete lack of specificity of the typc^ that is hc^ro being con¬ 
sidered could rt'sult only from a most extraordinary accident. Ckjnsoquently, it 
can legitimately bc^ assumed that one of the enantiomorphic (iiizymcis must always 
act upon one of the enantiomorphie forms of the substrati^ more rapidly than it acts 
upon the oth<*r form. If the thus assumed spi^cificity is not complete, the advaniagt) 
which optical activity gives to the organism is, of course, somewhat n'duced, but 
it is not therc'-by destroyed. 

Actually, the situation is much more complicated than was suggested above*, 
since diaatereomers as w(*ll as enantiomoiphs must bo (onsidered in any complete 
examination of the problem. For example, each individual structure of a hypo¬ 
thetical (rather simple) protein molecule that contains only 300 (dissymmetric) 
amino acid residues corresponds to altog(‘ther or to about 10^^, st(*rc()isomeri(? 
forms. The signifi(;anc(i of this enormous numbt'r l)C*conies apparent when it is 
i*ealized that a sample whiidi is i^omposed of just, one mole(’,uk^ of t‘.ach of these forms 
would have a mass that is greater than 10^^^ tons. For comparison, the mass of the 
earth is only about 6 X 10'^’^ tons, and that of the entire solar system is only about 
2 X 10^^ tons. Clearly, therefore, the efficiency of any organism would be expechnl 
to be greatly reduced if it contained both enaiitiomorpliic forms of every amino acid 
that was represented in its structure. 

7*6 Raceitiizaiion.^^ The ease with which an optically active siil)- 
stance can be transformed into the corresponding racemic modification 
varies between wide limits. Some substances are configurationally so un¬ 
stable that they cannot be obtained in optically active form; others are 
so stable that the active forms, when obtained, cannot be racemized by 
any known method (except, of course, by being mechanically mixed with 
exactly equal amounts of their respective enantiomorphs); and still 
others are of intermediate stability, so that the racemic modifications can 
be separated into enantiomorphs, which can then be racemized more or 
less easily. The experimental conditions under which racemization oc¬ 
curs also vary wddely. In many instances, the loss of optical activity 
occurs spontaneously at a rate which increases with temperature; in 
others, catalysts are necessary. Examples of these various possibilities 

**For further discussion of racemization, see W. Hiickol, Theoretiache OrundZagen der 
Organiachen Chemie^ Akademische Verlagsgesellschaft, Leipzig, Ist ed., 1931, Volume I, 
pages 54 if., 254 ff., 2nd ed., 1934, Volume I, pages 56 ff., 281 ff.; II. L. Shriner, H. Adams, 
and C. S. Marvel in H. Gilman, Organic Chemiatry, John Wiley and Sons, New York, 1st 
ed., 1938, Volume I, pages 176 ff., 2nd ed., 1943, Volume I, pages 240 ff.; T. Wagner- 
Jauregg in K. Freudenberg, Stereociiemie, Franz Deuticke, Leipzig and Vienna, 1933, pages 
852 ff. 
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are given below in this and subsequent sections and in the following 
chapter. 

An early suggestion regarding the mechanism of racemization was 
made by Werner.^ Although this proposed mechanism is at present 
considered to be incorrect, at any rate when it is applied to the carbon 
compounds now under discussion, it nevertheless deserves brief men¬ 
tion here since it, or analogs of it, may be correct in other situations con¬ 
sidered later. In Figure 7* la, the curved lines may be considered to 



outline a sphere and to indicate two mutually perpendicular great circles 
on its surface; they are drawn here merely as aids in the visualization of 
the figure. An asymmetric carbon atom C is located at the center of the 
sphere, and its four different substituents II, T, Y, and Z are located on 
tlie two gr(»at circles. As a result of the thennal motion, these sub¬ 
stituents are not at rest with respect to each other and to the carbon 
atom, but are instead executing vibrations of small amplitude about 
their positions of minimum energy; these vibrations are symbolized by 
the double-headed arrows attached to each of the corresponding letters. 
U'he statistical fluctuations in the vibrational energy ensure that, at any 
given time, some molecules are vibrating with much greater than average 
amplitude. It is consequently possible to suppose that a few molecules 
may have sufficient energy to reach the planar arrangement shown in 
Figure 7-16. Since this arrangement has a plane of symmetry, it is no 
longer dissymmetric like that of Figure 7 • la. Consequently, when the 
carbon atom returns to its stable tetrahedral configuration, as it must 
do immediately, the probability that it will return to the original con¬ 
figuration of Figure 7 • la is exactly equal to the probability that it will 
instead assume the enantiomorphic configuration of Figure 7* la. The 
optically active substance, therefore, must more or less rapidly become 
racemic. 

A. Werner, Lchrhuch der Stereochemie, Gustav Fischer, Jena, 1904, pages 48 ff. 
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The evidence against the belief that Werner’s mechanism of race- 
mization is generally valid comes from various sources. In the first 
place, this mechanism (at least, in the specific form outlined above) is 
obviously restricted to those instances in which the racemization in¬ 
volves a change of configuration about an asymmetric atom; it is there¬ 
fore inapplicable to the allenes and their analogs or to the biphenyls and 
their analogs. In the second place, in those instances in which asym¬ 
metric carbon atoms are pres(^nt, there is considerable reason to doubt 
that any molecules have sufficient energy at ordinary temperatures to 
achieve the necessary planar configuration. Moreover, it seems prob¬ 
able that, as the temperature is raised, and as the tlu^rmal energies of the 
molecules accordingly increase, decomposition resulting from the rupture 
of valence bonds will occur bi^fore an appreciable fraction of the mole¬ 
cules can become pkuiar. Some of the evidence supporting this con¬ 
clusion comes from spectroscopic studies, which provide information 
regarding the energies required to distort molecailes out of their pre¬ 
ferred shapes. Further evidence is provided by the empirical fact that, 
in those instances in which Werner’s mtichanism is the only reasonable 
one that can be devised, racemization simply does not occur. For ex¬ 
ample, an optically , active saturated hydrocarbon is always extremely 
resistant to racemization. Such hydrocarbons occur to some extent in 
petroleum; during the millions of years which must have elapsed since 
their original formation, these substances should have had ample op¬ 
portunity to imdergo a spontaneous racemization if Werner’s mechanism 
were valid. The fact that they have not done so casts considerable 
doubt therefore upon the mechanism. 

More specific arguments against Werner’s mechanism of racemization 
can also be advanced. One of these arguments is that the mechanism 
does not account for the striking, and often very specific, effects of cat¬ 
alysts upon the rates of racemization. For example, the racemization 
of phenylbenzylacctophenone, I, is catalyzed by cither acids or bases, 

Cells—CH-CO—Cells ri-Cellia—CH— CH 3 

CII 2 —Calls i 

I n 

the hitter being mueffi the more effective ; that of 2-iodo6ctane, II, is 
catalyzed by iodide ion; and so on. It is difficult to see how these cat- 

J. B, Conant and G. H. Carlson, J, Am, Chem, 80 c, 54, 4048 (1932), 

** E. D. Hughes, F. Juliusburger, S. Masterman, B. Topley, and J. Weiss, J, Chem, 80 c, 
1935, 1625. Cf. also E. D. Hughes, F. Juliusburger, A. D. Scott, B. Topley, and J, Weiss, 
ibid, 1935, 1173; W. A. Coudrey, E. D. Hughes, T. P. Novell, and C. L. Wilson, Und. 1938, 
209, 
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alysts could affect the ease with which the corresponding planar arrange¬ 
ments postulated by Werner can be assumed. 

A further way in which the mechanism now under discussion is in¬ 
adequate is that it is unable to account for the great differences in the 
ease with which, under identical conditions, certain apparently similar 
substances are racemized. For example, mandelic acid. III, is readily 

CeHs—C(CH3)—CO 2 H 
CeHo—CHOH—CO2H OH 

III IV 


racemized in alkaline solution, but the methylmandelic acid (atrolactic 
acid), IV, is not racemized at all under the same conditions; phenyl- 
methylacetophenone, V, is readily racemized in n-butyl alcoholic sodium 
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n-butoxide,^® but neither phenylmethyl-n-butylacetophenone,^® VI, nor 
campholyl phenyl ketone,^^ VII, is racemized at all under even more 
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vigorous conditions; and so on. That the failure of the compounds IV, 
VI, and VII to be racemized is not due to steric hindrance (cf. Section 
9*7), or to the sizes of the substituent groups, is suggested by the fact 
that phenylbenzylacetomesitylene, VIII, is readily racemized by bases.^® 
There is no obvious reason, therefore, why the above nonracemizable 
substances should be unable to reach the planar configuration of Figure 
7*16, if the other racemizable ones are able relatively easily to do so. 

If, for the foregoing reasons, Wemer^s mechanism of racemization 
must be given up, it is desirable to devise another one (or several other 
ones, if necessary) in better agreement with the facts. At the present 
time, the view is commonly held that no single mechanism can account 
for all the known examples of racemization, but that several different 
mechanisms, each with its own field of application, are required. In the 

McKenzie. J. Chem, 80 c. 86, 1249 (1904); 89, 365 (1906). 
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remainder of this section, some of the most important types of racemiza- 
tion will be considered. 

One of the now-accepted mechanisms of racemization has already 
been discussed in connection with the optically active biphenyls and 
their analogs. (See Sections 6*12 and 6-13.) With these substances, 
racemization is considered to result from rotations (about pivot bonds) 
which bring each molecule into a single plane. Since this mechanism 
therefore refers the racemization to the geometrical distortions produced 
by the thermal motions of the molecules, and hence docs not require the 
assumption of any purely chemical reactions, it differs from the ones de¬ 
scribed below. It may, in fact, be considered a rather close analog of the 
mechanism proposed by AVemer. 

A quite different mechanism of racemization is suggested by the fact 
that the racemizable ketones and acids I, III, V, and VllI possess the 
characteristic grouping IX (in which C* represen Is an asymmetric car- 

-C*H—C=0 -C==C—OH 

it II 

IX X 

bon atom), whereas the otherwise similar but nonracemizable substances 
IV, VI, and VII lack the hydrogen atom alpha to the carbonyl group. 
Since the keto grouping, IX, can be expected to exist in tautomeric 
equilibrium (cf. Chapter 14) with the corresponding enol grouping, X, 
which no longer has an asymmetric atom, the racemization of any sub¬ 
stance containing such a grouping could conceivably depend upon a pre¬ 
liminary enolization. In other words, the optically active keto form 
could undergo a transition to the inactive enol form which, on returning 
to the stable keto form, would be exactly as likely to give one enantio- 
morph as to give the other. Consequently, even though only a minute 
trace of the enol might be present at any one time, the optically active 
substance must sooner or later be completely racemized. Further evi¬ 
dence supporting this mechanism of racemization is provided by the fact 
that the grouping XI, in which the cyano group replaces the carbonyl 

-C*H—C=N >C=C=NH 

1 i 

XI XII 

group of IX, and which can be assumed to exhibit an analogous tautom- 
erism with the unstable stnicture XII, similarly permits a relatively 
easy racemization. For example, mandelonitrile, XIII, is rapidly race- 

CeHs—CHOH—CN CH 3 —CH(CN)—CO 2 H 

XIII xrv 

mized in the presence of water, and a-cyanopropionic acid, XIV, with 
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both a cyano and carbonyl group,is exceptionally easily racemized. 
Moreover, the mechanism permits a simple interpretation of the ob¬ 
served catalytic effoc.ts of acids and bases, since these substances have 
been found gciuually to catalyze keto-enol transformations and the like, 
as, for exami)l(?, in acetoacetic ester and similar compounds with which 
the composition of the tautomeric mixture and the rate of interconversion 
can be directly measured. (See Section 14*2.) 

Within recent years, the belief has grown that the above tautomeric 
mechanism of racemization, although essentially correct, is somewhat 
oversimplified since it does not show just how acids and bases produce 
their catalytic effects. At present, the acid-catalyzed and base-catalyzed 
racemizations are considered to proceed by independent mechanisms.^® 
That of the acnd-c^atalyzed reaction, for example, is supposed to involve 
the eciuilibrium shown in e([uat.ion 7*1, where the lirpnsted base B is 

>C*II—C=0 + BH+ -C*H—C=0+H + B 

i I i I 

IX XV 

-C=C—On + BH+ (7-1) 

X 

frequently the solvent. (Cf. Section 3 • 2.) The function of the acid cat¬ 
alyst BH"^ is thus to produce the oxonium cation, XV, which, by the 
loss of a different proton to the base B, gives the optically inactive enol 
X. The ionization of the C*-!! bond is, of course, much easier in the 
cation XV (on account of the positive ionic charge) than it is in the 
neutral molecule IX. (Cf. Chapter 11.) The mechanism of the base- 
catalyzed racemization, on the other hand, is considered to involve the 
equilibrium of equation 7*2, where the base B may be hydroxide ion, 

~C*PI—C=0 + B ^ -C=C—0-~ + BH+ (7-2) 

II i I 

IX XVI 

alkoxide ion, acetate ion, an amine, or any other similar proton acceptor. 
The function of the catalyst is here to remove the proton from the asym¬ 
metric carbon atom of the molecule IX, and thus to produce the optically 
inactive anion XVI. If these two mechanisms are correct, the acid- 
catalyzed racemization does indeed involve a preliminary enolization, as 
was originally assumed, but the base-catalyzed one involves instead an 
ionization. However, the considerations (see the preceding paragraph) 
which suggested that enolization is necessary for racemization, are not 
thereby shown to be without significance; in fact, the enolization and the 

Freudenberg, W. Kuhn, and I. Bumann, Ber, 63, 2380 (1930). 

2* See, for example, L. P. Hammett, Physical Organic Chemistry, McGraw-Hill Book 
Company, New York, 1940, pages 97 ff., 109 ff., 230 ff. 
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ionization are so closely related that any carbonyl compound which can 
undergo either reaction can also undergo the other. 

Very satisfactory experimental support for the above mechanisms of 
racemization has been obtained from kinetic studies.^® Equation 7*1 
requires that the rate of the acid-catalyzed racemization be equal to the 
rate of enolization under the conditions of the experiment; and ecpiation 
7-2 similarly requires that the rate of the base-catalyzed racemization be 
equal to the rate of ionization under the now, of course, different con¬ 
ditions. This equality of rates is confirmed in the following way. The 
rate of halogenation of a ketone has been found, with a given ketone, to 
be independent of the concentration of the halogen and to be the same 
(under identical conditions) for all the halogens.^® This rather surprising 
fact finds a logical explanation in the assumption that the reaction goes 
in two steps. Under the conditions of acid catalysis, the first step is the 
one shown in equation 7*1. This initial reaction is considered to occur 
relatively slowly, whereas the subsequent reaction (equation 7*3) is con- 

~C=C—on + X 2 ~CX—C=0 + HX (7*3) 

I I I I 

X 

sidered to occur much more rapidly. With acetoacetic ester and other 
similar substances with which the enol form can be isolated, the reaction 
of equation 7*3 is indeed almost instantaneous. (See Section 14*2.) 
Consequently, the enol, X, reacts as fast as it is formed, so that the meas¬ 
ured rate of halogenation is equal to the rate of the enolization (equa¬ 
tion 7*1). This rate is, of course, independent of the concentration of 
the halogen, or even of its identity, since the halogen is not involved in 
the reaction in any way. It therefore follows that the rates of the acid- 
catalyzed halogenation and racemization of a ketone under the same con¬ 
ditions should be identical. This prediction has been confirmed,^® for 
example, with the racemization and iodination of phenyl scc-butyl 
ketone, XVIL 

CfiHfi—CO— CH(CH 3 )—C 2 H 5 

XVII 

Under the conditions of base catalysis, the first step in the halogena¬ 
tion of a ketone is considered to be the one shown in reaction 7 • 2. This 
step 4s presumably a slow one followed by the rapid reaction of equation 
7*4. Like reaction 7*3, reaction 7*4 also has been found to be veiy fast 

~C=C—O” + X 2 -CX—C-O + (7-4) 

f I II 

* P. D, Bartlett and C, H. Stauffer, 7. Am, Chem. Soe, 67, 2680 (1936). 
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with the stable anions derived from acetoacetic ester and its analogs. 
(See Section 14-G.) (k)nscKiuently, the measured rate of halogenation 
is equal to the rate of ionization; as before, the halogen is not involved in 
the step which determines the rate of tlu^ reaction. The rates of halogen¬ 
ation and of racemization under the same conditions should therefore 
again be identical. This prediction has been confirmed, for example, 
with the bromination and racemization of the ketone, XVHI, with ca- 


CHo 



I 


Clio 

XVIII 


/ \/\ 
CII 




talysis by acetate ion.^^ 

Another reaction of a ketone whicJi is likewise considered to involve 
the equilibria of reactions 7-1 and 7-2 under the conditions, respec¬ 
tively, of acid and base catalysis is the replacement of the enolizable 
hydrogen atom by a deuterium atom. As with the halogenations and 
racemizations, the measured rates of su(;h excjhange reactions should be 
simply the rates of enolization (eciuation 7-1) or of ionization (equation 
7*2), since the introduction of the deuterium atom into either the enol, 
X, or the anion, XVI, should be very rapid. Consequently, the rates 
of deuterium exchange, of halogcmation, and of racemization should all, 
under the same (jonditions, be identical. No dire(‘>t comparison of the 
acid-catalyzed exchange and racemization seems to have been made as 
yet, but the rates of the excliange and of bromination have been foimd 
to be equal with acetone.^- On the othc^r hand, the base-catalyzed ex¬ 
change reaction and raccimization of, for example, phenyl sec-butyl 
ketone, XVII, have been shovm to have the same rate.^^ (The catalyst 
here was deuteroxidc ion OD“.) 

The base-catalyzed racemization of a sulfonyl compound, like that of 
a carbonyl compound, presumably goes through a preliminary ioniza¬ 
tion. Thus, the v(^ry rapid racemization of a-phenylsulfonylethane 
sulfonic acid, XIX,^ may be considered to involve the formation of an 


Cells—SO 2 —CII—SO 3 H 

CH 3 

XIX 


CgHs—SO 2 —C —SO 3 

I 

CH 3 

XX 


» S. K. Hsii and C. L. Wilson, J. Chem. Soc. 1936, 623. 

** 0 . Reitz, Z, physik. Chem. 179, 119 (1937). 

« S, K, HsU, C. K. Ingold, and C. h. Wilson, J. Chem, Soc, 1938, 78. 

I. Hedlund, Arkiv Kemi, Mineral. Geol, 13A, No. 12 (1939); C.A. 33, 6277 (1939). 
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ion for which the three structures XX, XXI, and XXII can be written. 

o- 0- o- 

CcHs—si+=c—S++—O” C6n5-s++—c=s+—o~ 


0 - 


CII3 0 - 

XXI 


O" 


CH 3 0- 

XXII 


In the first of these stnud-ures, the carbon atom that is joined to the two 
sulfonyl groups forms only three bonds and has an unshared pair of 
electrons; in the*second and third structures, this carbon atom is join('.d 
by a double bond to one of the sulfur atoms, which has 10 electrons in it s 
valence shell. It is not certain which type of stnu't.ure is (‘orrect-, sinc^e 
the octet rule does not nec.essarily apply rigorously to sulfur. Possibly 
resonance occurs among all three structures. (See page 425.) In any 
event, it appears that the ion is unable to maintain the dissymmetric 
configuration of the original acid, XIX, either because it undergoes an 
easy racemization by a mechanical deformation analogous to that postu¬ 
lated by Werner (as would be anticipated if structure XX is correct) or 
because its formerly asymmetric carbon atom has become planar (as in 
structures XXI and XXII). Unlike bjises, acids do not catalyze the 
racemization of the substance XIX; apparentl}^ therefore, an ion such 
as XXIII (cf. structure XV), if it is formed at all, does not readily lose a 


OH 


0 - 


Cells—S++—CH-S++—OH 


O' 


CII 3 O' 

XXIII 


OH 0 “ 

CgH5-S+=C-S-^+-~OH 

I 1 1 

O- CII 3 O- 

XXIV 


proton to give an inactive substance like XXIV. (Of. equation 7-1.) 
On the other hand, a-phcnylsulfonylpropionic acid, XXV, is racemized 

Cells—SO2—CH—CO2II 

I 

CH3 

XXV 


by either acids or bases; for, since the asymmetric cari)on atom is hero 
adjacent to a carbonyl group as well as to a sulfonyl group, enolic inter¬ 
mediates of the previously considered types can again be formed. 

A different group of substances which have been considered to be 
racemized by ionization is represented by a-chloroethylbenzene, XXVI. 

*L. Ramberg and I. Hodlund, Arkiv Kemi, Mineral. Ged. 12A, No. 24; ISA, No. 1 
(1038): C.A. 32, 4550, 9080 (1938). 
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C6H5-CHCI-CH3 C6H5-C+H-CH3 

XXVI XXVII 

When either enantiomorphic form of this compound is dissolved in liquid 
sulfur dioxide or formic acid, a more or less rapid racemization occurs 
spontaneously. The half-life in sulfur dioxide at 0°C is 18 hours.^® 
Since analogous halides have been found to give conducting solutions in 
these solvents, a natural inference is that the cation XXVII is formed. 
Sincic, moreover, the central carbon atom in this ion forms only three 
bonds and has only six electrons in its valence shell, it may be assumed 
to be planar; or else to be capable of achieving planarity relatively easily, 
and hence of being racemized by a mechanism analogous to Werner’s. 
More recent work has suggested, however, that racemization of the sub¬ 
stance XXVI is due to a reversible loss of a molecule of hydrogen chlo¬ 
ride,^® as in equation 7-5. The styrene XXVIII that is formed in the 

Cells—CIICI—CH 3 ^ CeHs—CH=CH 2 + HCl (7 -5) 

XXVI XXVIII 

dissociation must be optically inactive; hence, the reassociation gives the 
racemic modification of the original halide. This second explanation of 
the racemization is supported by the fact that the rates of racemization 
and of formation of free hydrogen chloride have been found to be ap- 
pi'oximately ecpial. It may be noted, however, that the ion XXVII is 
commonly considered to be an intermediate in the dehydrohalogenation, 
so that the original theory of racemization by ionization is not at present 
completely discarded. 

The racemization of 2-iodooctane, XXIX, is catalyzed by iodide ion; 
CH3— CHI—n-CeHis 

XXIX 

this reaction, therefore, cannot be analogous to the above spontaneous 
racemization of a-chloroethyll)enzcne, XXVI, the rate of which is in¬ 
dependent of the concentration of chloride ion. Consequently a dif¬ 
ferent mechanism must be found for it. The mechanism which has been 
established cannot be discussed in this section, since it involves the 
Walden inversion; it will, however, be taken up in a later section of this 
chapter. (See pages 274 ff.) 

The final mechanism of racemization to be described here is exhibited 
by alkali-metal alkoxides (but not by the corresponding alcohols) at high 
temperatures. The first reaction of this type was discovered in 1878 by 
Le Bel, who found that the sodium alkoxide, XXX, is racemized at 

^ C. Bergmann and M. Polanyi, Naturwia&en^chaSten 81. 378 (1933) ; D. HugheSi C. 
K. Ingold, and A. D. Soott, Nature 138, 120 (1936). 
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C 2 H 5 —CH(CH 3 )—CH 20 Na --CH—CH—ONa 

I i 

XXX XXXI 

200°C. Subsequent investigation has shown that racemization is fairly 
general, provide>cl that the asymmetric carbon atom either is joined 
directly to the ONa group or else (as in the alkoxide, XXX) is separated 
from that group by a single other carbon atom, and provided also that 
the grouping of atoms XXXI is present. (Cf. pages 263 f.) A reasonable 

-CII—CII—ONa Ho + ~C=C—ONa (7-6) 

I i i I 

XXXI XXXUI 

mechanism for the racemization is suggested both by these regularities 
and also by the fact that a certain amount of ketone (or aldehyde) seems 
always to be formed simultaneously by dehydrogenation of the alkoxide. 
It is in fact conceivable that, at the high temperature employed, the 
equilibrium of equation 7-6 is established.Since the enolate salt, 
XXXII, is of course optically inactive, the reaction from right to left 
must lead to the racemic alkoxide, XXX1. The configuration about any 
atom that is more distant from the ONa group than are the two ex¬ 
plicitly represented in stnictures XXXI and XXXII cannot, however, 
be affected. 

A more likely explanation of the racemization is that, as has been sug¬ 
gested by Doering, C'ortes, and Knox,^^ there is a mobile equilibrium be¬ 
tween the alkoxide, XXXI, and the corresponding aldehyde or ketone, 
XXXIII. Such an equilibrium would, in fact, merely illustrate the 

I I 

XXXIII 

well-known Meerwein-Ponndorf reduction. In the carbonyl structure, 
XXXIII, the carbon atom that is designated by the single asterisk can 
no longer be asymmetric, whereas the one that is designated by the 
double asterisk is adjacent to a carbonyl group and also is linked to a 
hydrogen atom. It is therefore clear that, when the alkoxide, XXXI, is 
first transformed into the carbonyl compound, XXXIII, and then re¬ 
generated, the configurations about both of the two carbon atoms can 

^ W. HUoket Theoretiache Cfrundlagen der organischen Chemie^ Akademische Verlags- 
gesellschaft, Leipzig, 1st ed., 1931, Volume 1, pages 260 ff., 2nd ed., 1934, Volume 1, pages 
286 ff. However, see also W. E. Doering, G. Cortes, and L. H. Knox, Am. Chem. Sor 
69, 1700 (1947). 
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easily be altered. As in the theory of Hiickel, the configurations about 
any asymmetric atoms that are still more distant from the ONa group 
of the original alkoxidc cannot be affected. 

Further evidence supporting the above mechanism of racemization is 
provided by a second type of reaction which is commonly observed under 
the same experimental conditions, with either optically active or op¬ 
tically inactive alkoxides. Thus, isoamyl alcohol, XXXIV, undergoes 

(CH3)2CII—Cn—CIT 2 OH 

(0113)2011—Clla—CIIa—Oil CII2—OH2—0II(0H3)2 

XXXIV XXXV 


a self-condensation to the decyl alcohol, XXXV. A reasonable inter¬ 
pretation of this reaction is that, first, oxidation to the aldehyde, 
XXXVI, occurs; that, next, two molecules of this aldehyde react by an 


(CH3)20H—CH 2 —OHO 

XXXVI 


( 0 H 3 ) 2 CH—G-OHO 

in—CHa—CH(CH3)2 

XXXVII 


aldol condensation to give the substance XXXVII; and that, finally, 
• this unsaturated aldehyde is reduced to the saturated alcohol, XXXV.®^ 
(For the sake of clarity, the stnxetures of the initial alc^ohol, of the pos¬ 
tulated intermediates, and of the final product are Avritten here in their 
usual forms XXXIV-XXXVII, even though at least some of the re¬ 
spective substances presumably participate in the series of reactions as 
their sodium salts.) 

7 *7 Inlerconversion of Diastercjomers. When two diastereomers 
differ only in their configurations about one or more pivot bonds or about 
one or more asymmetric carbon atoms, the transformation of either sub¬ 
stance into the other is governed by the same factors that are involved 
in the interconversion of enantiomorphs—i.e., in racemization. (Cf. 
the preceding section.) The only important difference between the two 
types of reaction, in fact, is that, although the final equilibrium mixture 
in a racemization must always contain exactly equal quantities of the 
two enantiomorphs, that in an interconversion of diastereomers need 
not, and ordinarily does not, contain exactly equal quantities of the two 
diastereomers. Since, therefore, no new principles are involved, the dis¬ 
cussion of this further type of reaction can be restricted to a few ex¬ 
amples, chosen on the basis of their relation to the previously considered 
mechanisms of racemization. 

In camphoric acid, I, the configuration about the asymmetric carbon 
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C 02 H 

*CH 

1 

/ \ 

*CH 

H 2 C CH 2 

/ \ 

1 1 

H 2 C C(CH3)2 

H 2 C 0=0 

1 1 

\ / 

H 2 C-*0-C02H 

1 

*CH 

CHa 

1 

CH(cn3)2 


I II 


atom that is joined to a hydrogen atom can be readily changed under the 
influence of acidic or basic catalysts, with the production of the diasterco- 
meric isocamphoric acid. (Here and below, asymmetric atoms are 
designated by asterisks.) On the other hand, the configuration about 
the second asymmetric carbon atom, whicdi is joined to no hydrogen 
atom, cannot be changed under any comparable experimental conditions. 
This difference between the stabilities of the configurations about the 
two atoms could have been predicted on the basis of the mechanisms of 
racemization by enolization (or ionization) discussed in the preceding 
section; thus, only the carbon atom joined to a hydrogen atom is able 
to form part of a tautomeric keto~enol system. That the presence of a 
hydrogen atom is, however, not suflScient to permit a change in con¬ 
figuration is shown by the example of menthone, II. Here again there 
are two asymmetric atoms. The configuration of only the one adjacent 
to the carbonyl group can be reversed by the action of acidic or basic 
catalysts; the other asymmetric carbon atom, with completely stable 
configuration, cannot be part of an enol system, even though it is linked 
to a hydrogen atom, because it is too far from the carbonyl group. A 
further example, which illustrates the same principle, is provided by the 
fact that, although m-hexahydrophthalic acid. III, is readily converted 


CH2 

EzC^ ^CH—CO2H 
Hai CO2H 

\h2 

m 


CH2 

HaC^ ^CH—CH2—CO2H 

1 I 

H 2 C *CH—CH 2 —CO 2 H 

\ / 

CHa 

rv 


into its more stable irans isomer by basic catalysts,** the analogous cis- 
* W. Hfickel and E. Goth, Ber. SB, 447 (1925), 
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cyclohexanc-l,2-diacetic acid, IV, cannot be made to undergo a similar 
reaction.®® 

The sodium derivative of ctV2-cyclohexylcyclohexanoI, V, is trans- 

CH 2 

/ \ 

IJ 2 C *CH—CoHu 


H 2 C *CHOH 

\ / 

CH 2 

V 

formed at high temperature into the more stable irans isomer. Since 
this reaction could have involved a change of configuration about either 
one of the two asymmetric atoms, it is not clear which atom was the one 
affected. If, however, a third asymmetric carbon atom is present in the 
molecule, and if this atom is farther removed from the ONa group, so 
that it must retain its original configuration, the details of the trans¬ 
formation can then be demonstrated. Thus, with the a-decalols,®^ the 
sodium salt, VI, is changed at the temperature of boiling xylene into its 

H ONa 

\ / 

CH 2 C* 

/ \ / \ 

llaC PI—C* CH 2 


:: *0-TP CHs 

\ / \ / 

CPI2 CH2 

VI 


NaO II 

\ 

CIT2 c* 

/ \ / \ 

H2C II— C* CH2 

I I I 

H2C * 0—11 CH2 

\ / \ / 

CH2 CH2 

VII 


NaO n 

\ 

CH2 c* 

/ \ / \ 

PI 2 C *C—H CH2 

I 1 I 

H2C * 0 —H CH2 

\ / \ / 

CH2 CH2 

VIII 


diastereomer, VII, which can be obtained also from the further diastereo- 
mer, VIII, under the same conditions. In the first reaction, the carbon 
atom affected is the one to which the ONa group is attached; in the 
second, it is the atom adjacent to this one. In no instance is the remain- 


“ W. Httokel, Z, anoew. Chem. S9, 842 (1926). 
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ing, and still more distant, asymmetric atom altered. With the /S- 
decalols of structure IX, the configuration of the carbon atom which 

CH2 CH2 

/ \ / \ 

H 2 C *CH *CHOH 

I I I 

H 2 C *CH CH 2 

\ / \ / 

CH2 CH2 

IX 

carries the ONa group in the salts can be changed, but the configurations 
of the two remaining asymmetric atoms cannot be affected. 

The interconversion of diastereomers that differ in their configuration, 
not about either pivot bonds or asymmetric carbon atoms, but rather 
about double bonds, can be brought about in a variety of ways. Fre¬ 
quently the change occurs spontaneously at a rate which increases with 
temperature. Thus, although maleic acid, X, and fumaric acid, XI, are 


H—C—CO 2 H 

H—C—CO 2 H 

H- 

-C—CO 
\ 

H—C—CO 2 H 

HO 2 C—C—H 

H- 

-c—co 


X XI XII 


stable at room temperature, the former substance is changed into the 
latter when it is kept in the melted state at a temperature above 130 °C. 
On the other hand, fumaric acid is transformed into maleic anhydride, 
XII, either when heated alone to 230®C or when warmed with phos¬ 
phorus pentoxide. Moreover, the dimethyl ester of maleic acid in the 
gas phase is converted at a high temperature into the corresponding 
ester of fumaric acid. From a study of the temperature coefficient of 
the rate of this interconversion over the range 279°-380°C, the con¬ 
clusion has been drawn that the activation energy for the transition is 
about 26.5 kcal per mole; or, in other words, that only molecules with an 
energy that is at least 26.5 kcal per mole greater than the average are 
able to undergo the transition.^® A similar study of the conversion of 
cis-stilbene (isostilbene), XIII, into its trans isomer, XIV, has led to a 


H—O-CeHs H—C—CeHs 

H—CJ—CeHs CeHs—C—H 

xin XIV 

^ M. Nelles and G, B. Kistiakowsky, J, Am, Chem, Soc, 64, 2208 (1932). 
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larger value of about 43 kcal per mole for the activation energyOn 
the other hand, m-indigo, XV, changes rapidly even at room temper¬ 
ature into the stable irans form,^^ substance, the activa¬ 

tion energy must be relatively small. In all these instances, the equilib¬ 
rium between the two stereoisomers is such that the less stable form is 
changed almost completely into the sccxmd, more stable, one. In other 
instances, however, the difference in stability is less, so that either form 
is converted into a mixture that contains comparable amounts of the 
two. This situation is encountered, for example, with the 2-butenes, 


XVI and XVII/^ 

H—C—CHa 

il 

H—C—CHa 


II—C—CHa 
CHa—(LH 


XVI 


xvn 


A reasonable interpretation of the above thermal reactions can be 
derived from a consideration of Figure G*2c on page 177. The more 
shallow minimum of the curve in this figure corresponds to the con¬ 
figuration of the less stable isomer, whereas the deeper minimum cor¬ 
responds to that of the more stable isomer. The conversion of either 
form into the other then results when the molecule passes over the ‘^hilf^ 
from one ‘Valley” to the other. In the figure, the activation energy 
(i.e., the amount of excess energy required for the change) is then 
represented by the height AE. The situation here is therefore closely 
analogous to that encountered in the racemizations of the optically 
active biphenyls and their analogs; the most significant difference, in 
fact, is that, in the two types of molecule, the forces restricting the free¬ 
dom of rotation arise from entirely different causes. 


There is another interesting difference between the restricted rotation in a biph(^n 3 d 
and that in an ethylenic compound. With a biphenyl, the two “vall(iys” of Fig¬ 
ure 6 *20 correspond to enantiomorphic configurations, and hence must lie at the 
same value of the energy E; whereas the two “lulls’^ correspond to nonenantiomorphic 
configurations, and hence in general lie at different values of the energy. On the 
other hand, with an eth^^lcnic compound, the two “vallej^s” now correspond to non¬ 
enantiomorphic configurations, and hence in general lie at different values of the 
energy, whereas the two ‘'hills^' correspond to enantiomorphic configurations (cf. 
Section 6*3), and hence must lie at the same energy. 

It seems probable that the above mechanism is correct in many, if 
not in all, purely thermal interconversions. There is, ho^vevcr, a second 
mechanism which may also operate in some instances.^ As a result of 

^ G. B, iCistiakowsky and W, R. Smith, J* Atn^ Chem* Soc, 56, 638 (1934), 

HeUer, Ber. 72, 1858 (1939). 

" H. H. Voge and N. C. May, J. Am. Ckem. Soc. 68, 550 (1946). 

** J. L. Magee, W. Shand, Jr., and H. Eyring, J. Am. Chem. Soc. 63, 677 (1941). 
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collisions, the molecules of an ethylenic compound with the grouping 
XVIII may undergo so-called electronic transitions to an unstable state 

~C=C- ~C—C- 

i i II 

XVIII XIX 

representable by some such structure as XIX. The two isolated dots 
here show the presence of two unpaired electrons (cf. pages 41 (iff.) in 
the molecule. Since, in structure XIX, there is only a single bond l)e- 
tween the carbon atoms, rotation may be presumed to occur readily. 
Indeed, there is some theoretical reason to believe that the most stable 
configuration of a molecule with the grouping XIX would be the per¬ 
pendicular one. (Cf. configurations VH and VIII on page 170.) Con¬ 
sequently, when the molecule returns to its stable electronic structure 
with the grouping XVIII, it may readily assume the configuration op¬ 
posite to the one which it originally possessed. Although only a small 
fraction of the molecules could at any one time be in the state represented 
by structure XIX, all the molecules could sooner or later pass through 
this state to the isomeric configuration. When this mechanism is the 
correct one, the activation (energy of the isomerization is approximately 
equal to the difference in energy between structures XVI11 and XIX. 
(Cf. also the discussion, below, of the photochemical isomerization.) 

Cis-trans interconversions with ethylenic compounds can be brought 
about by the action of various catalysts, of which the halogens, strong 
acids, nitrous acid, alkali metals, and substancjes with unpaired elec¬ 
trons are characteristic examples. Since most of these substances can 
(at any rate, in some instances) add to carbon-carbon double bonds, the 
suggestion was at one time made that their catalytic effects are due to 
their abilities to add. Thus, the bromine-catalyzed conversion of maleic 
acid, X, to fumaric acid, XI, was presumed to proceed through the pre¬ 
liminary formation of a,a'-dibromosuccinic acid, XX. Since the double 

CHBr—CO 2 H 
CHBr—CO 2 H 

XX 

bond of the original substance, X, has been decreased in the assumed 
intermediate XX to a single bond, the rotation can now easily occur; 
therefore, when bromine splits off again, fumaric acid, XI, could be 
formed. The evidence against this mechanism, however, seems to be 
conclusive. The addition product, XX, is a stable substance which does 
not lose bromine again under the conditions of the experiment; hence it 
cannot possibly be an intermediate in the reaction. Moreover, similar 
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objections can be raised against the assumption that analogous mech¬ 
anisms apply to the isomeric changes induced by the other catalysts 
named; consequently, such mechanisms are no longer considered to be 
generally valid. (For a more precise discussion of the stereochemical 
princii)l(^s involved in the addition reactions of ethylenic compounds, 
see Section 7*9.) 

Recent studies of the catalyzed cis-trans interconversions have shown 
that no single mechanism can account for all the varied phenomena 
which have been observed. Evidently, therefore, there must be several 
different mechanisms, each of which operates only within some more or 
less narroNvly restricted field. Many isomerizations may, of course, 
proceed by two or more independent paths at the same time. Discussion 
of the prop(3sed mechanisms that now seem most likely to be valid will, 
however, be postponed until Section 7*11, since these mechanisms can 
be most easily described after those of the closely related additions 
(Sections 7*9 and 7-10) have first been considered. 

Like the purely thermal isomerizations, the catalyzed reactions result 
in the transformation of the less stable isomer into the more stable one, 
or else in the transformation of either form into the equilibrium mixture 
of the two. There exists, however, still a different method, by which the 
more stable form can often be transformed, at least partially, into the 
le^s stable one. This photochemical method consists in subjecting the 
substance to the action of light which has such a wave length (usually 
in the ultraviolet) that it is absorbed by the unsaturated substance. 
The tmergy thereby acejuired by the substance from the light may 
change a certain amount of the more stable isomer into the less stable 
one. The latter substance can then be separated from the unchanged 
starting material by fractional crystallization or by other analogous 
methods. m-Stilbcne, XIII, for example, has been made from trans- 
stilbene, XIV, in this way. 

Light als(j induces the reverse transformation of the less stable form 
into the more stable one; hence, the same mixture of isomers is finally 
obtained by the irradiation of either form. The success of the photo¬ 
chemical method for the production of the less stable isomer is due to 
the fact that the proportion of this isomer is frequently higher in the 
''steady-state'' mixture produced by irradiation than it is in the mixture 
corresponding to thermal equilibrium. Since the light is not strictly a 
catalyst for the reaction, but is instead a constant source of energy, the 
displacement of the equilibrium by the light is not contrary to the gen¬ 
eral principle, rigorously derived from the second law of thermody¬ 
namics, that no catalyst can ever affect the position of a chemical equilib¬ 
rium. (See also the paragraphs in fine print, below.) 
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The mechanism of the photochemical ds-^trans isomerization has not 
been definitely established. Possibly, both the mechanisms suggested 
above for the corresponding thermal reactions operate here also. That 
is, by the absorption of light, just as by molecular collisions, the mole¬ 
cules of the ethylenic compound may gain enough energy to ^‘go over 
the hiir’ of Figure 6-2c, or (more probably) they may be raised to ex¬ 
cited electronic states of the type represented by structure XIX. Pos¬ 
sibly also, of course, there may be still further mechanisms in addition 
to these. 

The distinction between the photochemical steady state and the ordinary chemical 
equilibrium becomes apparent when the kinetics of the photochemical transforma¬ 
tion is considered. As the light passes through, and is partly absorbed by, the 
ethylenic compound, its intensity of course decreases along it/S path; within any 
sufficiently small region, however, the intxinsity can be assumed to liave the constant 
value /. The rate at which the cis form in this region is raised by the light to some 
excited state is proportional both to the intensity 7 and to the amount of the cis 
isomer that is pr(»sent in the region of interest. Similarly, the rate at which the trans 
form in this same region is raistid to the excited state is proportional both to thti 
intensity I and to the amount of the trans isomer that is present in the region of 

interest. Moreover, the rates at which the excited form returns to the cis and trans 

forms are proportional to the amount of excited form. Hence, if the concentrations 
of the as, trans, and excited forms are designated, respectively, as C, T, and E, the 
rates of the several reactions are given by the kinetic equations 7 • 7 and 7 * 8, where 

5 = -hic + (7-7) 

al 

5 = -kilT + *4® (7-8) 

at 


^1, ^ 2 , ^ 3 , and k\ are the proportionality constants (i.e., the rate constants). When 
the steady state has been reached, the concentrations C and T of the cis and trans 

dC dT 

forms, resfH3(!tivelv, arc constant, and each of the derivatives — and — is therefore 

dt dt 

equal to zero. Since equations 7 • 9 and 7 • 10 must then be satisfied, the ratio C/T 

-kilC + hiE ^0 (7*9) 

-k2lTk^E0 ( 7 - 10 ) 

must have the value shown in equation 7*11. Moreover, since this ratio is inde- 


C ^ k2ks 
T kiki 


(7-11) 


pendent of the intensity 7, it must have the same value in every irradiated region 
within the sample of material; hence equation 7*11 applies not merely to the infini¬ 
tesimal volume originally considered, but to the entire sample. 

There is, of course, no necessary relation between, on the one hand, the rate con¬ 
stants ki, ki, kz, and k^ which apply to the photochemical transformation and, on 



Sec. 7*8 


The Walden Inversion 


269 


the other hand, the rate constants for the nonphotochemical interconversion. It 
therefore follows that the relative concentrations of the cis and trans isomers in the 
photochemical steady state arc in general different from those in the mixture at 
thermal (equilibrium. Moreover, since the values of the rate constants ki and k 2 
may be expected to depend upon the wave length of the light us<jd, the ratio C/T 
in the steady state may also be expected to depcmd upon the wave length; such 
variations have indeed been obs(jrved. Thus, with cinnamic acid, XXI, in dilute*. 

Cells—CH=CH~C02H 
XXI 

aqueous solution at 15°C, this ratio has the value 3.55 when the light has previously 
passed through a potassium chromat/e filter, but the value 1.18 when the light has 
previously passed through a chlorine filter.'*® Variations with tlui temp(‘.rature have 
also been observed; for example, when the chlorine filter is used, the ratio with cin¬ 
namic acid varies from 1.18 at 15°C (as was just stated) to 1.77 at 90°C.*® 

It was concluded above that the relative concentrations of stereoisomers in their 
photochemical steady states are ind(jpondent of the intensity of the light us(k 1; this 
conclusion may, however, seem to be inconsistent with the fact that this steady 
state is usually achicvcid only with the aid of intense illumination. Indeed, most 
thermal (or catalyzed) interconversions are carried out in the presence of diffused 
natural or artificial light; yet they lead to the ordinary chemical equilibrium and 
not to the photochemical steady state. Th<^ point at issue here is, of courses, one of 
relative rates. In the prect'ding paragraphs, it was implicitly assumed that all reac¬ 
tions except the photochemical ones under discussion could be ignored. Now, the 
rate at which the photochc'.mical stc^ady state is reached decrease's jis the iritemsity 
of the light decreases; evidently, therefore, this rate must be vc^ry small if the light 
is very weak. Hence, under such circumstances, the thermal (or (catalyzed) reac¬ 
tions may proceed so much fasfiT tlian the photochemical ones that the latter can 
only slightly affect the equilibrium. Finally, if the light is of intermediate intensity, 
the raters of the photochemical and thermal (or catalyzed) reactions may be com¬ 
parable; then the system may reach a steady state wdiich is different from the ordi¬ 
nary equilibrium, but which depends upon the intensity of the light. 

7*8 The Walden Inversion, In 1893, Walden discovered the 
cycle of reactions 7 • 12. Thus, by treating either of the optically active 

PCU 

HOgC—CHa—CIICH—CO 2 II IIO 2 C—Cllg—CHCl—COgH 

(+)-malic acid KOH (—)-chlorosuccmic acid 

Ag20^ AggO (7 • 12) 

PCl6 

IIO 2 C—CH 2 —CIICl—CO 2 H 1=; HO 2 C—CH 2 —CHOH—CO 2 H 

(+)-«liloro8Uocinic add KOH (—)-maUcadd 

malic acids, first with phosphorus pentachloride (in chloroform solution) 
and then with silver oxide (in aqueous solution), he was able to trans¬ 
form it into its own enantiomorph; conversely, by treating either of the 
chlorosuccinic acids first with silver oxide and then with phosphorus 

.“A. R. 01«)n and F. L. Hudson, J. Am. Chem. Soc. S8, 1410 (1933). 

“ P. Walden, Ber. 86 . 210 (1893); 29 , 133 (1896). • 
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pentachloride, he was able to transform it also into its enantiomorph. 
In each sequence of reactions, considerable racemization occurs, so that 
the optical activities of the final products are not very great. Other 
similar sequences have been discovered subsequently, however; in some 
of these, relatively little racemization occurs. 

It is evident that, in one (and only one) of the two reactions in oadi of 
these sequences (i.e., in either the reaction with phosphorus pcntachlo- 
ride or the one Avith silver oxide, but not in both), the entering sub¬ 
stituent at the asymmetric carbon atom does not take up the same rel¬ 
ative position in space that was formerly occupied by the substituent 
which it replaces. The change in configuration which thus results is 
called an inversion or, more precisely, a Waldcn inversion. 

The expression ^‘Walden inversion*^ was introduced in 1906 b}" Emil Fischer.**^ 
Originally, it referred to the complete Sf^quence of n'aclions by which th(' optically 
active substance is converted into its enantiomorph, and not to the single reaction 
in which the inversion of configuration occurs. At the prt'sent time, however, the 
expression seems more commonly to refer to the single reaction; it is so used through¬ 
out this book. 

The problem of identifying the particular reaction in which the in¬ 
version takes place is a difficult one since, almost always, the occurrence 
of the inversion becomes apparent only after at least two retictions have 
been performed. This inconvenient situation arises because the relative 
configurations of two substances with different structures cannot be 
decided merely on the basis of their properties. For example, the fact 
that the action of phosphorus pentachloride on dextrorotatory malic 
acid gives levorotatory chlorosuccinic acid does not imply that the re¬ 
action is necessarily accompanied by inversion. Very frequently, in 
fact, the sign of rotation changes in a reaction in which the asymmetric 
atom is not affected, and in which therefore no inversion can have taken 
place. Thus, the salts and esters of either enantiomorphic form of lactic 
acid have rotations of opposite sign from the parent acid, although their 
configurations must surely be the same. (Cf. page 224.) In an anal¬ 
ogous manner, the fact that the action of silver oxide on levorotatory 
chlorosuccinic acid gives levorotatory malic acid does not imply that no 
inversion of configuration can have taken place. Conseciuently, the oc¬ 
currence of an inversion can usually be demonstrated only after one or 
more further reactions have been carried out, and after a final product 
which has the same structure as does the original substance has been ob¬ 
tained. When this rather elaborate procedure has been completed, 
there is then no longer any uncertainty whether or not a net inversion 
has taken place, since there can be no uncertainty whether the initial 

"E. Fischer, Ber. 39 , 2893 (1906). 
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and final substances are, respectively, enantiomorphic or identical. 
There is, however, uncertainty regarding the identity of the particular 
reaction in which the change in configuration occurred. 

If the substance under investigation has one or more further dissymmetric group¬ 
ings that are not affected by the reactions }M;rformed, an inversion will of course 
l(^ad to a diastereoiner, and not to an enantiomorph, of th(i original compound. In 
surrh an evemt, however, the interpretation of the data is neither more nor less diffi¬ 
cult than it is in the simpkir example. 

It has just been remarked that, even after a substance with the same 
structure as the original one has been obtained, there still remains the 
problem of identifying the particular reaction, or reactions, in which 
inversion occurs. The situation is usually made more difficult by the 
fact that there is no way of knowing how many inversions have taken 
place. If no 7iet inversion is observed, there may really have been no in¬ 
version at all, or there may instead have been two, or any other even 
number, of them. Thus, in the transformation of (+)-maIic acid into 
(—)-chlorosuccinic acid, and the transformation of the latter substance 
back into the original (4-)-malic acid, there is no net inversion since the 
final product is identical (aside from the partial racemization) with the 
original substance. The maximum conclusion that can be drawn is, 
however, that either an inversio' ^ occurred in neither reaction or 
else that one has occurred in each ' .auction. Similarly, when a net in¬ 
version is observed, there may really have been one, three, or any other 
odd number of single inversions. (See, however, pages 286 f., 316f.) 

A further feature of the Walden inversion which makes its study dif¬ 
ficult is the extremely erratic way in which it occurs. For example, a 
giv(in reagent in a given type of reaction might be expected either always 
to invert, or else always to retain, the configuration. That this expecta¬ 
tion is not justified, however, is shown by the sequence or reactions 7*13. 

(+)-CIl 3 —CH—CO2- (-)-CH 3 —CliBi^-COaH -> 

(-)-CH3-CHBr-C02C2H5 

i (7-13) 

(_).CH3—CH—CO2C2H5 (+)-CH3-CHBr—CO2C2H5 

ilia 

Since the esterification of the original amino acid (alanine) does not af¬ 
fect the asymmetric carbon atom, it cannot be accompanied by in¬ 
version, even though it changes the sign of rotation. Consequently, 
the reaction with nitrosyl bromide, which does affect the asymmetric 
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atom, must either lead to retention of configuration with the amino acid 
and to inversion with the ester, or vice versa. It is not possible, from 
the reactions cited, to decide which of these two alternatives is correct. 
A closely related anomaly in the occurrence of the Walden inversion is 
that two reagents which behave differently in one reaction may behave 
similarly in an apparently analogous reaction. Thus, an alkali-metal 
hydroxide and silver oxide lead to enantiomorphic products with either 
of the optically active chlorosuccinic acids (see above); hence, in these 
reactions, one of the bases must invert the configuration, and the other 
must retain it. On the other hand, wiih (+)-a-chloroethylbenzene, I, 
both reagents lead to the same (—)“methylphenylcarbinol, II, so that 

CeHs—CHCl—CII3 Cells—CHOH—CH3 Cells—CHCI—CO2H 

I II III 

CeHs—CH—COa- 

L 

N+113 

IV 

here either both must invert or else both must retain the configuration. 
As before, the data given do not permit a decision to be made between 
the alternatives. Even with exactly the same pair of reagents, the stcric 
course of a reaction may be varied by a change of solvent. Thus, the 
action of ammonia upon (—)-a-chloiophenylacetic acid, III, gives (+)- 
phenylglycine, IV, in aqueous or alcoholic solution, but it gives the 
enantiomorphic (—)-phenylglycine in solution in methyl cyanide or 
liquid ammonia. Clearly, the reaction must be accompanied by in¬ 
version in one of these groups of solvents and by retention in the other, 
even though the solvent does not play any immediately obvious role. 
Moreover, the action of thionyl chloride SOCyl 2 on Icvorotatory ethyl 
mandelate, V, gives levorotatory a-chlorophenylacetate, VI, in the 

CeHs—CHOH—CO2C2H5 CeHs—CHCl—CO2C2H5 N 

V VI VII 

absence of pyridine, VTI, but the enantiomorphic dextrorotatory ester 
in the presence of pyridine.^® Finally, when levorotatory phenylethyl- 
carbinol, VIII, is treated with diy hydrogen bromide in the absence of a 

CeHs—CHOH—C2H6 CeHs—CHBr-^CgHg 

VIII IX 

J. Kenyon, A. G. Lipscomb, and H, Phillips, J, Chem, Soc. 1930 , 415; 1981 , 2275; 
W. A. Cowdrey, E. D. Hughes, C. K. Ingold, 8. Masterman, and A. D. Bcott, ibid, 1937 . 
1252; E. D. Hughes, Trans, Faraday Soc. 84 , 202 (1938). 
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solvent, the resulting bromide, IX, is levorotatory if the reaction is car¬ 
ried out at a temperature below about —30°(^, but is dextrorotatory if 
the reaction is carried out at any higher temperature.^^ (Cf. also page 
289.) 

Anomalies of the various foregoing types are now fairly well under¬ 
stood. Kinetic studies have shown that very frequently two reactions, 
which appear to be completely analogous, actually proceed by entirely 
different mechanisms. A simple example, which is, however, not dircc^tly 
related to the Walden inversion, is given by the hydrolysis of n-butyl 
chloride and by that of icrM)utyl chloride. The first of these reactions 
has been found to take place at a rate which is proportional to the con¬ 
centration of hydroxide ion, whereas the second has been found to be 
unaffected by hydroxide ion and hence to occur as rapidly in acudic solu¬ 
tion as in basic solution.^® (^Iearl 3 ^, therefore, these two reactions are 
not at all comparable, even though they are dciscribed by very similar 
stoichiometric equations. Analogous differences in mechanism have 
been found to exist also among the reactions in which substitutions occur 
at asymmetric atoms. Consequently, it would not be surprising if such 
reactions were found to follow different steric courses. Since the mech¬ 
anism of a reaction depends in general upon the natures of all the re¬ 
agents taking part in it, and also upon that of the solvent, it would ac¬ 
cordingly be rather extraordinary if some irregularities in the occurrence 
of the Walden inversion were not observed. 

In spite of the above-described difficulties, ho\vcver, it has been found 
possible in a number of instances to determine the particular reactions 
in which inversions occur. The first examples to be worked out con¬ 
clusively were of the following type. In cyclopentene oxide, the three- 
membered ring must be fused onto the five-membered one so that the 
configuration is m, as in diagram X, since the alternative trana con- 
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figuration, XT, is geometrically impossible. (Cf. Section 9* 5.) Hy¬ 
drolysis of the oxide, however, gives the trans glycol, which is separable 


"P. A. Levene and A. Rothen, J. Bid. Chem. 127 , 237 (1939). Cf. also C. L. Arcus, 
J. Chem. Soe. 1944 , 236. 

» Cf. E. D. Hughes and C. K. Ingold, J. Chem. 80 c, 1936 , 244. 
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into the two enantiomorpliic forms, XII and XIII, and it does not give 
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the nonresolvablo cia compound, XTV/’^ Since the configurations of the 
original substance and of the jiroduct are tlu'n^fore definitc^Jy known to 
be different, a Walden inversion must have occurred in the single re¬ 
action performed. 

A further reac^tion which has been shown dcifinitely to involve a Walden 
inversion is the one responsible for the racemization of an optically ac¬ 
tive chloride, bromide, or iodide by chloride ion, bromide ion, or iodide 
ion, respectively. (Cf. pages 252, 259.) For example, the ra(;emization of 
2-iodo6ctane, XV, by iodide ion in acetone solution has been found to 


n-CcHi3—CHI—CII 3 

XV 

proceed by way of the reaction 7• 1*^, in which the iodides ion atta(*-ks the 

1““ + (+)-C8Hi7l ^ (-)-lC8lIl7 + I~ (7-14) 

molecule of octyl iodide and replaces, with inversion, the iodine atom 
contained in it. Since the reaction must proceed with equal ease in each 
of the two opposed directions, complete racemization is more or less 
rapidly achieved. That this mechanism is correct is suggested, but not 
proved, by the fact that similar reactions can be observed directly when 
two different halogens are employed. Thus, under the same experimental 
conditions as those under which iodide ion leads to racemization of an 
organic iodide, an iodide ion can replace either the chlorine atom in an 
organic chloride (equation 7-15) or the bromine atom in an organic 

I“ + RC1 IR + Cr (7 15) 

bromide (equation 7-16). It would therefore be strange if reaction 7 * 14 


I~ + RBr IR + Br~ (7 • 16) 


did not take place, as well as reactions 7 • 15 and 7 • 16, 

C. van Loon (1919), quoted by J. Bdeseken, Ber. 68, 1470 (1925); see also H. Kuhn 
and F. Ebel, Ber, 58 , 919 (1925); C. E. Wilson and H. J. Lucas, J, Am, Chem, Soc, 68 , 
2396 (1936). 
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There still remains, however, a possibility that the exchange of iodine 
atoms is an unimportant side-reaction not accompanied by inversion, 
and that the racemization is due to some entirely different cause. Equa¬ 
tion 7 • 14 would than have to be replaced by the pair of equations 7 • 17 

+ (+)-C8Hi7l (+)«IC8lTi7 + 1“* (7*17) 

and 7-18. Moreover, there also remains the further possibility that, 

1“ + (-)-C8Hi7l ^ (-)-IC8 Hi7 + 1“ (7*18) 

even if racemization does occur by the mechanism proposed, an inversion 
of configuration may not take place in every reaction; or, in other words, 
that the exchange docs not always, or even most commonly, follow equa¬ 
tion 7-14 but can also to some extent follow equations 7 • 17 and 7* 18 in¬ 
stead. These possibilities have been eliminated, however, by means of 
experiments carried out with artificially radioactive halogens. Thus, if 
nonradioactive 2-iodooctane, XV, is treated with radioactive sodium 
iodide, the rate at which the organic compound acquires radioactivity 
can be measured and compared with the rate of racemization in the same 
e.xperimcnt. If eciuation 7 • 14 represents the only w ay in wdiich either 
iodine exchange or racemization can occur, then the rate of racemization 
should be exacjtly twice that of exchange. The reason w^hy the rates 
differ by this factor of 2 can be seen most easily if the original sample of 
optically active octyl iodide is at first considered to consist of only two 
molecules. When one of these molecules has reacted with, and been in¬ 
verted by, a radioactive iodide ion, the exchange has gone only halfway 
to completion, but the racemization has gone all the way. Consequently, 
the rate of racemization is tw ice that of exchange in this simple example. 
Moreover, as should be obvious, the situation would not be essentially 
altered if the original sample contained a larger number of molecules; 
consequently, the same ratio of rates should obtain also with macroscopic 
quantities of material. This predicted ratio has been confirmed witliin 
the limits of accuracy of the experimental methods.^® Moreover, the 
same ratio has been found also for the racemization and bromine ex¬ 
change with both a-bromopropionic acid, XVI,^® and a-bromoethyl- 

CHs—CHBr—CO 2 H CeHs—CHBr— CH3 

XVI XVII 

benzene, XVII.^® Consequently, unless the unlikely assumption is made 
that the obseiwations are the results of an extraordinary set of fortuitous 
coincidences, it must be concluded that equation 7*14 is correct, and 
that an inversion occurs in every substitution of the type under con¬ 
sideration. On account of the close similarity of the reactions of equa- 
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tions 7 • 15 and 7 • 16 to that of equation 7 • 14, the further inference may 
be drawn that these reactions also are always accompanied by inversions; 
the correctness of this inference has not, however, been established with 
complete rigor. 

In certain reactions, a Walden inversion is geometrically impossible. 
Consequently, if these reactions take place at all, they must do so with¬ 
out inversion. For example,the amide XVIII readily undergoes the 
Hofmann rearrangement (cf. pages 459, 520) with production of the 
amine XIX. Tlie reaction may be regarded as a replacement of the 

CONH 2 


xvm XIX 

carboxamide group CONII 2 in the original compound XVIII by the 
amino group NH 2 . Although the carbon atom at which the substitution 
occurs is not asymmetric, the question may still be raised whether the 
amino group in the product XIX occupies the same relative positiori in 
space as did the carboxamide group in the reagent XVIII. If it does, 
then the reaction may be said to have proceeded without inversion; if 
it does not, the reaction may be said instead to have proceeded with in¬ 
version. The carbon atom in question could of course be made asym¬ 
metric by the introduction of one or more substituents in suitable posi¬ 
tions; the situation would not be altered thereby, however, in any of its 
features that are pertinent to this discussion. Now, it may be easily 
shown with the aid of molecular models that the ring-system in the mole¬ 
cules XVIII and XIX is completely rigid, and that there is only one pos¬ 
sible position in space for either the carboxamide or the amino group, 
respectively. Consequently, no inversion can have occurred in the re¬ 
action by which the latter substance is prepared from the former. The 
conclusion cannot be drawn that the configuration is always, or even 
usually, retained in the Hofmann rearrangement, since the reaction of 
the amide XVIII may not be typical. The demonstration that the con¬ 
figuration may be retained is, nevertheless, of considerable interest. 
(See also Section 12-9.) 

When the amine XIX is treated with nitrous acid,^® it is transformed 
into the alcohol XX; when it is treated with nitrosyl chloride NOCl,^^ 

** P. D. Bartlett and L. H, Knox, J, Am, Chem* Soc, 61, 3184 (1939), 
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it is transformed into the corresponding chloride XXI. The two re¬ 
actions must therefore in these instances occur without inversion. As 



? 


II2C 


H. 


Clh 


cny—c—CH3 




.Cih 


CII 

XXI 


before, however, the generality of retention in the reactions of nitrous 
acid and of nitrosyl chloride with primary amines is not certain. There 
exists a possibility that an inversion might have occurred if it could have 
done so. 

Since the alcohol XX and the chloride XXI are tertiary, the trans¬ 
formation of either substance into the other might be expected to be 
easy. It has been found, however, that no such transformations can be 
forced to occur. Phosphorus pentachloride, hydrogen chloride, and 
thionyl chloride are without effect upon the alcohol, and sodium hy¬ 
droxide does not taring about hydrolysis of the chloride. xhe natural 
inference, therefore, is that these reactions arc unable to proceed except 
with inversions; hence, since the inversions are geometrically impossible, 
the reactions cannot take place. Similarly, the tertiary bromide XXII 
cannot be hydrolyzed to the corresponding alcohol.^ As with the pre- 



XXII 


vious examples in which the expected reactions do occur, the data are 
insufficient here also to show how general are the conclusions reached. 

A method developed principally by Freudenberg ^ for deciding 
whether a Walden inversion does or does not occur in a single reaction 
is of somewhat greater generality than are the foregoing methods; since, 

** P. D, Bartlett and S. G. Cohen, J. Am* Chem. Soc, 62, 1183 (1940). 

For a discussion of this method, see K. Freudenberg in K. Freudenberg, Stereochemict 
Frans Deuticke, Leipzig and Vienna, 1933, pages 699 ff. 
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however, this method is also less rigorous, the conclusions to which it 
leads are less certain. The action of nitrous acid upon (+)-alanine of 
structure XXIII, for example, gives (+)-lactic acid of structure XXIV. 

CH 3 —CH—COa'” 

N+H 3 CII 3 —CHOH—CO 2 H 

XXIII XXIV 

Although the sign of rotation does not change in the reaction, a Walden 
inversion may, or may not, have occurred. The problem is therefore to 
determine whether the configurations of the alanine and lactic acid are 
opposite or identical. Evidence permitting a very reasonable conclusion 
to be drawn is shown in Table 7*1, in which are listed the molecular 

TABLE 71 

Freudenberg’s Determination of the Heeative Configurations of 
(- f )~Ai.anine ani> (4-)”Lactic At:iD 


Molecular Rotaiion “ of 

(’jr)-Alanine 

{-{-yLactic 

acid 

Amide of Ixmzoyl derivative 

70^-80® 

120° 

Ethyl ester of benzoyl derivative 

12° 

49° 

Methyl est<T of benzoyl derivative 

o 

1 

O 

o 

'T 

35° 

p]thyl ester of acetyl derivative 

-74° 

-76° 

Ethyl ester of toluenesuLfonyl derivative 

-78® 

-129° 


® The molecular rotations listed in this table arc equal to 1/100 of the respective values 
defined in equation 5-2, Seepage 138. 


rotations of several corresponding derivatives of the two substances. 
It will be observed that the various derivatives (both those of alanine 
and those of lactic acid) are arranged in the tables so that the rotation 
becomes progressively less positive, or more negative, as one reads from 
the top to the bottom of the appropriate column. Since, therefore, sim¬ 
ilar substitutions in the two series produce changes of rotation in the 
same direction, the inference may be drawn that the original alanine 
and the lactic acid produced from it have identical configurations. If 
this inference is correct, the conclusion then follows that no Walden in¬ 
version can have occurred in the reaction between the alanine and 
nitrous acid. 

In the above example of alanine and lactic acid, there are no incon¬ 
sistencies in the directions in which the rotations change from derivative 
to derivative. A possibly more typical example is provided by the com¬ 
parison of (+)-aspartic acid, XXV, with the (—)-malic acid, XXVI 
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HO 2 C—CHs—CH—CO 2 - 

N+H 3 HO 2 C—CH 2 —CHOH—CO 2 H 

XXV XXVI 

that is obtained from it by the action of nitrous acid. From the data of 
Table 7*2, it can be seen that, with the derivatives of these two sub- 

TABLE 7 -2 

FREUDENBETia’S DETERMINATION OE THE RELATIVE CoNFIfUTRATIONR OF 

(4“)-Aspartic Acid and (~)-Malic Acid 


(•\~yAiipartic Acid (—)-Malic Acid 

Afolcnjlar Rotation*^ 1 -^-> r-■- 


d/ Diethyl Ester of 

20®C 

100 °C 

20®C 

100®C 

Ci nnamyl derivat ivo 

25® 

20° 

70 

-13® 

Bcinzoyl di^rivative 

About 5° 

12® 

-12® 

-28® 

Formyl derivative 

-0.3® 

-13® 

-56® 

-58® 

H ydroci ri iianiy 1 derivative 

-18® 

-9® 

-56® 

-68® 

Acetyl derivative 

-21® 

-18® 

-53® 

-68° 

?i.-Heptoyl derivative 

1 

0 

1 

0 

0 

-60® 

-70° 

Ethanesulfonyl derivative 

-29® 

-31® 

-105® 

-101® 


“ The molecular rotations listed in this table are equal to 1/100 of the respective values 
defined in equation 5 2 . See page 138. 


stances, a few inconsistencies occur, but that, on the whole, the varia¬ 
tions in rotatory power are parallel. The conclusion is therefore that 
(+)-aspartic acid and (—)-malic acid have the same configuration, and 
that, as before, the reaction with nitrous acid is not accompanied by in¬ 
version, even though it does lead here to a change in the sign of rotation. 

Although this method of establishing relative configuration has not 
been showm rigorously to be necessarily correct in all instances, it seems 
reasonable on theoretical, as well as on a 'priori, grounds. There are 
several precautions, however, which must be observed in its application 
to specific problems. Thus, the compounds compared with each other 
must be very similar in structure. In particular, they must differ only 
with respect to substituents of approximately the same degree of electro¬ 
positiveness or electronegativeness, and their absorption spectra must 
not be too different. Moreover, the compounds must be in as nearly the 
same condition as possible; hence, free hydroxyl or amino groups, for 
example, are undesirable on account of the association which they cause 
This is, of course, the reason why the parent substances were not in¬ 
cluded in the above Tables 7 • 1 and 7 • 2. Within these limitations, how¬ 
ever, the method has proved to be useful and apparently reliable. At 
any rate, it has led to no inconsistencies in the assignments of configura- 
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tion, and to no disagreements with assignments made in different ways. 

Considerable infonnation is now available regarding the occurrence 
of Walden inversions in the reactions of alcohols and of their derivatives. 
In the esterifi(^ation of an alcohol by a carboxylic acid, and in the hy¬ 
drolysis of the resulting ester, the reaction might possibly take place 
either at the carbon atom of the alcohol or at the oxygen atom that is 
joined to it. In other words, the reactions might follow either of the two 
courses represented schematically by the equations 7*19 and 7*20. 


n— \o—n + Ti] —o—co—iv 


R—O—II + IL-Ol—CO—R' 


^ R—0—CO—R' + II 2 O 
^ R—O—CO—R' + H 2 O 


(7.19) 

(7*20) 


(These equations are, of course, not intended to represent the mecha¬ 
nisms of the reactions but only to indicate the points at which bonds are 
broken and new ones are formed.) If the reac^tions follow the first of 
these two courses, Walden inversions may perhaps occur, but, if they 
follow the second, inversions cannot take place, since the asymmetric 
atoms are not affected. 

It is at present generally agreed that, in most instances, the esterifica¬ 
tion of an alcohol by a carboxylic acid proceeds in accordance with equa¬ 
tion 7*20. The evidence supporting this belief is of several types. 
It has been found, for example, that any sequence of reacjtions, in which 
substitution 0 (!curs directly at an asymmetric atom, is nearly always ac¬ 
companied by an appreciable racemization, whether inversion of con¬ 
figuration predominates over retention or vice versa. On the other 
hand, an optically active alcohol in which the hydroxyl group is at¬ 
tached to the asymmetric atom can usually be esterified with a carboxylic 
acid and regenerated from the resulting ester with no significant change 
in rotation.^® (For exceptions to this general rule, however, see below.) 
The fact that no net inversion is observed shows that inversion occurs 
either in both the esterification and the hydrolysis or else in neither; the 
fact that no loss of activity is observed suggests that the reactions do not 
take place at the asymmetric atom. It therefore follows that there has 
been no inversion at all. 

Further evidence pointing to the same conclusion has been obtained 
from studies of such pairs of isomeric alcohols as the ones with struc¬ 
tures XXVII and XXVIII. If either of these two alcohols is treated 

CH 3 —CH=CH—CH 2 OH CH 3 —CHOH—CH=CH 2 

XXVII XXVIII 


For a discussion and summary of the evident, see J. N. E. Day and C. K. Ingold, 
Trans, Faraday Soc, 37, 686 (X941). 

“See, for example, B. Holmberg, Ber, 45 , 2997 (1912). 
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with hydrogen bromide, a mixture of the two corresponding bromides, 
XXIX and XXX, results. In these reactions, the carbon-oxygen bonds 

CII3— CH=CH— CHaBr CH3— CHBr— CH==CH2 

XXIX XXX 

of the alcohols are necjessarily broken. The partial rearrangements 
which occur may be considered to be dependent upon the rupture of these 
bonds; in fact, similar rearrangements occur fairly generally with com¬ 
pounds of this type in any reaction which takes place din^ctly at the 
carbon atom to which the halogen atom, hydroxyl group, alkoxyl group, 
or the like is attached. (Cf. Section 13-2.) On the other hand, in the 
esterification of the two alcohols with acetic acid, and in the hydrolysis 
of the esters thus formed, no analogous rearrangements are observed. 
Each alcohol gives its o\^m acetate, and each may be regenerated un¬ 
changed from its acetate.*’^ Ckmsequently, the inference may again be 
drawn that the reactions here proceed in accordance with eejuation 7 • 20 
above, and not in accordance with equation 7 • 19. (For mention of some 
analogous systems which behave differently, however, see below.) 

When a mercaptan is estcrified with a carboxylic acid, the carbon- 
sulfur bond of the formc^r reagent is not broken; this conclusion follows 
from the fact that the products are the thioester and water, as in equa¬ 
tion 7*21. Conversely, when an alcohol is estcrified Avith a thioacid, 

C2H5SH + C6H5CO2H C6H5COSC2H5 + H2O ( 7 - 21 ) 

the carbon-oxygen bond of ilie former reagent is not broken; this further 
conclusion follows similarly from the fac^t that the products are the sul¬ 
fur-free ester and hydrogen sulfide, as in equation 7-22. In each in- 

CH3OH + CoHsCOSH C6II5CO2CH3 + H2S ( 7 * 22 ) 

stance, the reaction proceeds in a manner wdiich is analogous to that of 
equation 7-20 and is not analogous to that of equation 7*19. If the re¬ 
placement of oxygen by sulfur has not altered the mechanisms of these 
reactions, the conclusion can again be drawm, therefore, that equation 
7-20 is correct for the esterification of an alcohol by a carboxylic acid. 
The argument here is not conclusive, however, since there can be no as¬ 
surance that the sulfur-containing compounds must behave exactly like 
their oxygen-containing analogs. It is fortunate, therefore, that sim¬ 
ilar, but completely unambiguous, experiments have been carried out 
with the use of isotopic indicators, and that these experiments have led 

W W. G. Young and J. F. Lan^ J, Am, Chem, Soc. 60 , 847 (1938). 

See, for example, C. Pr6vost, Ann, chim, [10] 10 , 147 (1928); E. H. Ingold and C. K 
Ingold, J, Chem, Soc, 1932 , 75G. 
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to the same conclusions. Thus, the reactions 7 * 23 and 7 • 24 show that 


CH3O"®—11 + CoHr.CO^\>n 

C^eHsCO^”—o’ -CH 3 + (7 • 23) 

CHgCO’^a—CsIIii + [0’«H]- 

[CHaCO’^O’^J- + CsHiiO’®—IT (7-24) 


the carbon-oxygen bond of the alcohol is not broken in either the esteri¬ 
fication or the saponific^ation.^® 

In view of the experimental evidence cited above, it may be considered 
that ordinarily the esterification of a carboxylic acid and the liydrolysis 
of a carboxylic ester follow the courses shown in equation 7 • 20, rather 
than the ones shown in equation 7-19. A few reactions are known, how¬ 
ever, in which the opposite is apparently true. For example, hydrolysis 
of the optically active ester XXXI leads to the expected active akiohol 


CHs 

CII 3 —Cri=CH—CH—O—(X),^ 


llOad 


XXXI 




CIIs 

I 

CH3—CH=CH—ClI—on 

XXXII 


XXXII if the reaction is effected with 5 N aqueous sodium hydroxide, 
but to a rac^emic alcohol if the reaction is effected with aqueous sodium 
acetate.®® Moreover, the hydrolysis of the ester XXXIII by hot alco- 


C 0 H 5 


CII3— CII=CII—C^H—O—CO| 




HOzd 


XXXIII 




CeHs 

1 

CH 3 —CH=CH—CII—OH 

XXXIV 


Cellfi 

CH 3 —CHOH—ChJh 

XXXV 

»»!. Roberts and H. C. Urey, J. Am, Chem. Soc. 60. 2391 (1938); 61. 2584 (1939); M. 
Polanyi and A. L. Szalx>, Trans. Faraday Soc, 30, 608 (1934). 

“ H. W. J. Hills, J. Kenyon, and H. Phillips, J, Chem. Soc. 1936, 576; see also J. Kenyon, 
S. M. Partridge, and H. Phillips, tbid, 1936, 86. 
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holic sodium hydroxide leads only to the unrearranged alcohol XUPCIV; 
but the action of aqueous alcoholic sodium carbonate leads instead 
to a mixture containing the rearranged akjohol XXXV. Finally, 
in either basic or strongly acidic solution, the hydrolysis of (4-)~malo- 
lactonic acid, XXXVI, gives (+)-malic acid, XXXVII, probably 


CO^H 

CO2II 

1 

CH- 

1 

CHOU 

O 

1 

CH2 

1 1 

CO -1 

1 

CO2H 

xxxvi 

xxxvir 


with retention of (configuration; but in weakly acidic solution it gives 
instead the cnantiomorphic (-~)-malic acid, probably with inversion 
of configuration.®^ Whether the configuration is retained under the 
first conditions and inverted under the last, as stated, or vice versa, 
it is evident that an inversion must have occurred in at least one of the 
reactions. The hydr(3lysis of the esters XXXI, XXXIII, and XXXVI, 
.therefore, can apparently proceed in accordance with either equation 
7*19 or equation 7*20. It is interesting to observe that in the first two 
instances, and probably also in the last, the anomalous reaction occurs 
under the more mild experimental conditions. 

The exceptional hydrolyses just mentioned are not completely typical 
because, in the first two, the esters contain the easily rearranged allylic 
system C=C—C (cf. Section 13*2) and, in the last one, the four- 
membered ring is highly strained. (Cf. Chapter 9.) When complica¬ 
tions of these two types are avoided, however, the ordinary carboxylic 
esters under the ordinary experimental conditions seem always to be 
formed and hydrolyzed in accordance with equation 7-20; in fact, even 
when the complications mentioned are not avoided, the reactions usually 
still proceed normally. If this conclusion is accepted as experimentally 
established, then the particular reaction in which a Walden inversion 
occurs in a sequence of reactions can sometimes be identified. For ex¬ 
ample,®® in the transformation of the ester XL into its enantiomorph 
XLI (equations 7*25), the hydrolysis of the original carboxylic ester 

J. Kenyon, S. M. Partridge, and H. Phillips, J. Chem. Soc. 1937 , 207. 

®*Cf. A. li. Olson and K. J, Miller, J. Am, Chem, Soc. 60 , 2687 (1938), and further 
references given there. 

« H. Phillips, J. Chem. Soc. 123 , 44 (1923). 
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CH, 


C.H.-CHr-<i3H0H p-CHf-C.H.-so.ci ^ r—osOjAt 


xxxvm 


OH” 


33.02'* 


(CII 3 —COaO 


R—O—CO—CUj 

XL 

7.18* 


XXXIX 

SI.!!** 


t) 

KOjC—CHs 


R—O—CO—CHa 

I 

XLI 
—7.06'* 


>(7-25) 


OU” 


Ron 

XLH 

-32.18'* 


cannot (for the reasons just outlined) have involved inversion; more¬ 
over, the esterification of the alcohol by means of the sulfonyl chloride 
cannot have involved inversion either, since, in this reaction, the asyra- 
metric carbon atom is not directly aflected. Consequently, the only 
step in which an inversion is possible is the one in which the sulfonic 
ester XXXIX reacts with acetate ion. The necessary conclusion is 
therefore that the inversion occurs in this last-mentioned reaction. In 
order that this conclusion may be included in the equation for the re¬ 
action, the customary arrow —> is here replaced by the more elaborate 
symbol _ O (It may be noted further that the acetylation of 
the alcohol XXXVHl with acetic anhydride clearly proceeds with 
retention of configuration.) Analogous results have been obtained in 
the study of the corresponding reaction of valerate ion.^ 

Since carboxylate ions react with sulfonic esters of the type XXXIX 
with inversion, it is of interest to determine whether other negative ions 
behave similarly. That ethoxido ion does so is shown by a sequence of 
reactions (equations 7-26), in which the same optically active alcohol 
XXXVIII as before is transformed into either of its two enantiomorphic 


ROH - 

ArSOaCl ^ 

ROSOjAr 

XXXVIII^ 


XXXIX 

i23® 



1S61“83.02® 


81.11® 

ROQHfi 

CaH*Br 

N*. 

- ROK 


XlilV 

23.60® 


KaCOi 


ArSOiCaHt ^ 


ROCaH**" 

XLin 

-19.90® 


ROCalls 

XLV 
19,84® y 


(7-26) 


ethyl ethers, XLIII or XLIV (XLV). In this sequence, the only reaction 
in which the asymmetric atom is directly affected is the one between the 
p-toluene sulfonic ester, XXXIX, and ethoxide ion (ethyl alcohol plus 
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potassium carbonate); hence, the inversion must have occurred in this 
step. Other alkyl sulfonates besides the one derived from methylbenzjd- 
carbinol, XXXVIIT, have been found ^ to behave similarly toward both 
carboxylate and alkoxide ions. 

Since inversion occurs when a sulfonic ester of an optically active al¬ 
cohol reacts with either a carboxylate ion or an alkoxide ion, the reason¬ 
able assumption may be made that inversion occurs generally whenever 
an ester of this type reacts with amj negative ion. To the extent that 
this assumption is justified, still other classes of reaction can then be 
studied. An example is shoAvn in the sequence of reactions 7 • 27. The 



SOCI2. etc. ‘ 

soci 


(+)^-Cen..-ciioH-cH. (-)-Rq 

XLvi \ _ . ^ XLvn\ 

-'ci, 

(-)-ROn —(+)-RO—SO^Ar J£M£2 v(+)-IIO—SO iAr 

XLIX XLVm L 


(7*27) 


dextrorotatory 2-octanol, XLVI, is converted by p-toluenesulfinyl 
chloride into a dextrorotatory sulfinic ester, XLVIII, which is converted 
by potassium permanganate into a dextrorotatory sulfonic ester, L. 
.Since no inversion could have occurred in either reaction, the esters, 
XLVIII and L, must have the same configuration as does the original 
alcohol, XLVI. If an inversion occurs in the reaction between the sul¬ 
fonic ester, L, and chloride ion, the levorotatory chloride, XLVII, must 
therefore have a configuration opposite to that of the dextrorotatory 
alcohol. That this interpretation of the reaction is correct is to some ex¬ 
tent supported by the further reactions of the sulfinic ester, XLVIII. 
With hypochlorous acid, this ester gives the levorotatory alcohol, XLIX. 
Since an inversion must necessarily have occurred in this reaction, it 
seems reasonable to assume that one occurs also in the apparently similar 
reaction between the same sulfinic ester and chlorine. If this assumption 
is correct, then the configuration of the levorotatory chloride is again 
seen to be opposite to that of the dextrorotatory alcohol. On the basis 
of all this converging evidence, therefore, the conclusion can be drawn 
that the reaction between the alcohol and hydrogen chloride, thionyl 
chloride, phosphorus trichloride, phosphorus pentachloride, or phos¬ 
phorus oxychloride is accompanied by inversion. 

«*Cf. J. Kenyon, H. Phillips, and H. G. Turley, J. Ckem, Soc, 127 , 399 (1926); H, 
Phillips, ibid. 127 , 2652 (1925); G. A. C. Gough, H, Hunter, and J. Kenyon, ibid. 1226 , 
2062; J, Kenyon, H. Phillips, and V. P. Pittman, ibid. 1936 , 1072; C. M. Bean, J. Kenyon, 
and H. Phillips, ibid. 1936 , 303. 

« A. J. H. Houssa, J. Kenyon, and H. PhiUips, Chem. Soc. 1929 , 1700. 
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By application of the various methods described above, sufficient in¬ 
formation has been obtained to justify the conclusion that a Walden 
inversion occurs in almost every replacement at an asymmetric carbon 
atom, provided that the reaction proceeds in a single step, and in such a 
manner that the entering substituent is becoming attached to the asym¬ 
metric carbon atom while the displaced substituent is still breaking away. 
(Cf. the last paragraph of this section.) To some extent, of course, this 
rule involves circular reasoning, since the decision whether a given re¬ 
action does or does not proceed by a mechanism of the type described is 
often based upon prior knowledge (or belief) that an inversion docs or 
does not occur. Nevertheless, since the rule permits a logical and self- 
consistent interpretation of all the reactions (ioncerned, consideral)le 
confiden(^e in its essential correctness appears to be justified. (IIowevcT, 
see below.) 

A few examples will be sufficient to illusirate the significance of the 
above conclusion regarding the occurrence of Walden inversions. In 
the cycle of reactions discovered originally by Walden (see page 269), 
the reaction between chlorosuccinic a(‘id and potassium hydroxide has 
been sho^vn by kinetic studies to involve a direct attack by hydroxide 
ion upon the asymmetric atom.®® Since the reaction therefore pre¬ 
sumably requires only one step, and since the chloride ion presumably 
departs as the hydroxide ion approaches, an inversion may be considered 
to occur. On the other hand, the reaction of the same chlorosuccinic 
acid with silver oxide is considered to require two steps.®® In the first 
of these steps, silver oxide, or possibly silver ion, attacks the chlorine 
atom, removing it from the molecule and leaving the /3-lactone, XXXVI. 


CO2H 



XXXVI 


This reaction is presumably accompanied by inversion. In the second 
step, the lactone, which can indeed be shown to be present in the re¬ 
action mixture, is hydrolyzed to malic acid; since the solution is ap- 

®®Cf. E. D, Hughes, Trans. Faraday Soc. 34 , 202 (1938); L, P. Hammett, Physical 
Organic Chemistry^ McGraw-Hill Book Company, New York, 1940, pages 175 ff.; and fur¬ 
ther references given in the places cited. For further reactions which, like the hydrolysis 
of chlorosuccinic acid by silver oxide, are considered to proceed in two stops with an 
inversion in each, and with the formation of a cyclic intermediate, see S. Winstein and 
H. J. Lucas, J. Am. Chem. Soc. 61 , 1676, 1681 (1939); S. Winstein, H. V. Hess, and R. E. 
Buckles, ibid. 64 , 2796 (1942); E. Grunwald and S. Winstein, ibid. 70 , 841 (1948); and 
other references cited in the last one of these. 
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proximately neutral, this reaction is presumably also accompanied by 
inversion (see above). The net result of the two steps, with an inversion 
in each, is then hydrolysis of the chlorosuccinic acid with retention of con¬ 
figuration. Other a-halogen-substituted acids behave like chlorosuc¬ 
cinic acid in that their reactions with potassium hydroxide and with 
silver oxide transform them into enantiomorphic a-hydroxyacids, pre¬ 
sumably with inversion and with retention of configuration, respectively. 
In general, with such substances, however, a /S-lactone cannot be formed, 
since no second carboxyl group, to whi(^h the hydroxyl group is bei^a, 
may be present. In such instancies, an a-lactone is postulated as an in¬ 
termediate. Thus, in the hydrolysis of a-broinopropionic acid, LI, with 

CIT,—CII-C=0 

CH 3 —CHBr—CO 2 H ^C)'^ 

LI LII 


silver oxide, the lactone, LII, is assumed to bo formed in the first step. 
Unlike the /3-lactones, however, such a-lactones cannot be shown to be 
formed in these reactions; in fact, they cannot be made by any known 
method. Nevertheless, the analogy with the hydrolysis of chlorosuccinic 
acid seems so close that there is little reason to doubt the proposed 
mechanism. 

The rule which has been discussed in the two preceding paragraphs is 
not always valid. Although the most important and most clearly 
established group of exceptions cannot be considered until later (see 
Section 12-9), a few probable exceptions may nevertheless be men¬ 
tioned here. Thus, when dextrorotatory 2-octanol, XLVI, is treated 


(+)-n-C6Hi3—CHOH—Cllg 

XLVI 


(+)-n.CoHi3—CH-^CHs 


O—CO—Cl 


LIU 


with phosgene, it is converted into the dextrorotatory octyl chloro- 
formate, LIU, which must have the same configuration as did the 

(+)-n.C6Hi3—CH—CH3 (+)-/i-C6Hi3—CH—CH3 

I —» CO 2 + 1 


O-CO—Cl 


Cl (7-28) 


LIU 


LIV 


original alcohol; when this ester is heated, it is transformed (with loss of 
a molecule of carbon dioxide) into the still dextrorotatory 2 -chloro- 
octane, LIV. The latter reaction (equation 7-28) is apparently, there¬ 
fore (cf. equation 7*27), a substitution without a Walden inversion.®^ 

A. H. J. Houssa and H. Phillips, J. Chem, Soc, 1932, 108, 1232; M. B. Harford, J. 
Kenyon, and H. Phillips, ibid, 1933, 179. 
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Although the mechanism of this reaction is not definitely known, there 
is no obvious way in which the substitution could proceed by an even 
number of steps, with an inversion in each. An alternative suggestion is 
that the ester molecule, in the course of its thermal motions, assumes the 
cyclic conformation, LV, which is then transformed, by merely a re- 


w-CoHia—CH—CH 3 

\ 

Cl o 

\ / 
c 


n-CeHia—CH—CH 3 

/ 

Cl O 


distribution of the ele(*.trons, into structure LVI; as soon as this second 
structure is achieved, the molecule of carbon dioxide breaks away. No 
conclusive evidence in support of this mechanism has as yet, however, 
been advanced. 

When the dextrorotatory octyl chloroformate, LIII, is treated with 
P3n:idine, the resulting 2-chloro(‘)ctane is found to be not dextrorotatory, 
but instead levorotatory.®^ Apparently, therefore, this reaction is ac¬ 
companied by a Walden inversion. The most reasonable mechanism for 
the transformation here involves the formation of the intermediate 
pyridinium cation, LVII, which is then attacked, with inversion, by 



LVII 


chloride ion. The reaction of thionyl chloride, SOCI 2 , like that of phos¬ 
gene, with an optically active alcohol has been found to be similarly af¬ 
fected by the presence of pyridine when the asymmetric atom is directly 
joined to a phenyl group.®® (Cf. page 272.) On the other hand, the 
corresponding reactions of phosphorus trichloride and pentachloride 
seem always to be accompanied by inversion.®® 

•• J. Kenyon, A. G. Lipscomb, and H. Phillips, J, Chem, 80 c, 1930, 416. 

J, Kenyon, A, G. Lipscomb, and H. Phillips, J, Chem, Sec, 1931, 2276. 
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Moreover, as was mentioned on pages 272 f., the reaction between the 
levorotatory phenylethylcarbinol, VIII, and hydrogen bromide gives 

CeHs—CHOU—C 2 H 5 Cells—CHBr—CaHs 

VIII IX 

the levorotatory bromide, IX, at temperatures below about —36®C, but 
the dextrorotatory bromide at higher temperatures. Clearly, therefore, 
the substitution proceeds with predominant inversion at certain tem¬ 
peratures, but with predominant retention at other temperatures. Since 
the levorotatory bromide is considered to have the same configuration 
as the original levorotatory alcohol, the low-temperature reaction is here 
presumably the one without inversion. For this reaction, there has been 
proposed a one-step mechanism in which the intermediate LVIII, with 

CeHo—CIT- C 2 II 5 

\ 

Br O—H 

\ / 

11 

LVIII 


a hydrogen bond between the bromine and oxygen atoms, replaces the 
corresponding intermediate LV, considered above.Sucli an inter¬ 
mediate as LVIII, to be sure, seems somewhat unlikely, since the hy¬ 
drogen bond to the bromine atom would doubtless be weak, and since 
the strain in the four-membered ring must be great. (Cf. Secjtion 2-0.) 
Even so, however, this postulated intermcidiate may be sufficiently stable 
to permit a substitution reaction which, at low temperatures, is faster 
than the more usual reaction with inversion. 

So far, nothing has been said about the detailed medianism of the 
Walden inversion. The problem is of course to devise a way in which an 
entering substituent can take a position in space which is different from 
the one formerly occupied by the atom or group which it replaces. The 
most reasonable interpretation of the reaction is the one illustrated in 
Figure 7*2.^^ In Figure 7 •2a, which represents an early stage of the 


R 


R-C-S 

I 

a b ^ e 

Figure 7*2. A reasonable mechanism of the Walden inversion. 


--)c-s 


R-C~ 


W. A. Cowdrey, E. D. HuRhes, C. K. Ingold, S. Mastorman, and A. D. Seott, J, Chem. 
Soc, 1937, 1252. 

^ Cf. L. P. Hammett, pages 157 ff. of reference 66; G. W. Wheland, The Theory of Res¬ 
onance, John Wiley and Sons, Now York, 1944, pages 216 ff. 
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reaction, the reagent R approaches the carbon atom from the side op¬ 
posite the substituent S; in Figure 7*2i), which represents the midpoint 
of the reaction, the atoms or groups R and S are equidistant (or nearly 
equidistant) from the carbon atom, which is no longer tetrahedral; and 
in Figure 7'2c, which represents the conclusion of the reaction, the dis¬ 
placed substituent S is departing, and the entering one R is attached to 
the carbon atom. In the process, the molecule has been ‘'turned inside 
out^^ like an umbrella in a high ^\^nd. It is indeed readily seen that the 
configuration of the product (Figure 7 • 2c) is opposite to that of the orig¬ 
inal substance (Figure 7 •2a), and, hen(;e, that an inversion has occurnjd 
during the reaction. 

7*9 The Stereochemistry of Additions to Carbon-carbon Dou¬ 
ble Bonds. The preceding sections have contained brief references to 
the addition reactions of ethylenic compounds. It is now desirable to 
examine these reactions more carefully, and to consider their stereo¬ 
chemical features more precisely. 

When bromine adds to maleic acid, I, for example, the two bromine 



11 Br CO2H 

H Br COall 
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H—C—CO2H 
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il 
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H—C—COall 

H Br CO2H 

H Br CO2H 


I II III 


atoms might naturally be expected to approach the organic, molecule 
from the same side. If this expectation should prove to be correct, the 
single molecule formed in an^^ individual reaction must have either the 
configuration II (if the approach is from the front of the paper) or the 
configuration III (if the approach is instead fnmi the rear). Siiu^e, 
however, these two (configurations are symmetrical and identical, the 
product isolated must be ?nc6*o-a,a'-dibromosuccinic acid, of which the 
conventional plane projection diagram is IV. Moreover, when bromine 


CO2H 

I 

H—O-Br 

I 

H—C—Br 

i 

CO2H 

IV 


H—C—CO2H 
HO2C— 0 -H 

V 


adds to fumaric acid, V, the single molecule formed in any individual re¬ 
action might similarly be expected to have one of the two dissymmetric 
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and enantiomorphic configurations VI and VII. Since the 

molecule of 

H Br CO 2 H 

11 Br CO 2 II 

CO 2 H 
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CO 2 H 

1 

'' 1 
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\i/ 
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1 
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1 
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n02C Br H 

IlOaC Br II 

CO 2 IT 

CO 2 H 

VI 

VII 

VIII 
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l)r()mino is exactly as likely to approach i-he one of fumari(! a(*id from the 
front as from the rear, the two imantiomorphs (VI and VII, respectively) 
must be produced at ecpial rates; hence, the product formed in the re¬ 
action between macroscopic amounts of tlu^ two reagents must be 
racemic a,a'-dibromosu(;cinic acid, the two components of which are 
represented (not necessaril}^ respectively) by the conventional plane 
projection diagrams VllI and IX. Additions of the stereochemical type 
here postulated can (conveniently be described as cis additions. (Cf. 
pagers 230 f.) 

It seems entirely logical to suppose that all additions to double bonds 
must be cis; in fact, on the basis of the three-dimensional models de¬ 
picted in the diagrams I~III and V-VII, no other mode of addition ap- 
-peai’s reasonable. Nevertheless, the occurrence of Walden inversions 
(Section 7 • 8) shows that the steiic courses of reactions are not always 
the ones which arc most easily interpreted with the aid of such models. 
Consequently, it is necessary to consider the remaining possibility that, 
in the addition of bn^mine to either maleic or fumaric acid, the two 
bromine atoms approach the molecule of the organic reagent from op¬ 
posite sides. If the react ions should proceed in this manner, maleic acid, 
I, must give the racemic a,a'-dibromosuccinic acid (and not the meso 
isomer, as before), sin(*e the two dissymmetric and enantiomorphic con¬ 
figurations, X and XI, are eciually probable. As is easily verified, the 
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configuration X is identical with VI, and the configuration XI is identical 
with VII. Moreover, fumaric acid, V, must give meso-a,a'-dibromo- 
succinic acid (and not the racemic modification, as before), since the two 
symmetric configurations, XII and XIII, are identical both with each 
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other and with TI and III. Additions of the sten'ochemical type here 
postulated can convcmic'iitly be described as trmis additions. 

The question whether the additions of bromine to maleic and fumarii*, 
acids are cis or trans is answered unambiguously as soon as the products 
of the respective reactions are identified; ff)r, as has just been shown, cis 
additions \\ ould lead to the formation of a mcso product from maleic 
acid and of a racemic product from fumaric acid, whereas trans additions 
would lead instead to the formation of a racemic product from maleic 
acid and of a mesa product from fumaric acid. Experimentally, the 
a,a'-dibromosuc(iinic acid formed in larger amount (not less than 80 
per cent) from maleic acid is found to be resolvable, and hence racemic; 
whereas that formed in larger amount from fumaric acid is found to be 
nonresolvable, and hence mm). In each instance, therefore, the addition 
is predominantly trans; hence, just as with the AValden inversion, the 
reaction is more complex than the simple molecular models would lead 
one to expect. 

In most other reactions in which a halogen adds to a carbon-carbon 
double bond, the additions are considered similarly to be predominantly 
trans. For example, the major products formed in the addition of 
chlorine to maleic and fumaric acids are, respectively, the racemic and 
mesa a,a'-dichlorosuccinic acids of structure XIV. Trans additions are 
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not, however, observed in all instances. Thus, maleate ion and fumarate 
ion (i.e., maleic acid, I, and fumaric acid, V, respectively, in basic solu¬ 
tion) give mostly the same ? 7 ieso-a!,a'-dibromosuccinate ion, XV, and 
mcso-a,a'-dichlorosuccinate ion, XVI; although the additions of both 
halogens to fumarate ion are therefore still trans^ those to maleate ion 
are instead cis. Moreover, the addition of chlorine to irans-stilbene, 
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XVII, leads to not widely different amountKS of the meso and racemic 




CHCl—CeHs 


Cells—C—H 

XVII 


CHCl—Coils 

XVIII 


a,a:'-dichlorobibenzyls of structure XVITT; with this imsaturated hydro¬ 
carbon, therefore, czs and Irans additions occur at not widely different 
rates. 

The mechanism of the addition of a halogen to a carbon-carbon double 
bond is now fairly well understood; and the preponderant irans addition 
can be satisfactorily explained. On the basis of evidence derived from 
many sources,^-*it is now gcmerally agreed that any siujh reaction pro¬ 
ceeds in two steps whi(;h, for the addition of bromine to maleic acid, may 
be provisionally represented (however, see below) by the ecpiations 
7 *29 and 7-30. The belief that some such organic cation as XIX is in¬ 


11—C—COoH 

II—CBr—COJI 


11 

+ Bi-a -^1 + Br¬ 

(7-29) 

H—C- -COoH 

il—C-^—COall 
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II—CBr—CO 2 TT 

II—CBr—CO 2 II 


II—C+—CO 2 H 

XIX 

+ Br —> 1 

(7-30) 

11—CBr—CO 2 H 


volved as an intermediate is strongly supported by the fact that, in this 
and other analogous reactions, the product often contains atoms or 
groups which must have been provided (in the form of anions) by the 
solvent or by other components of the reaction mixture. For example, 
the addition of chlorine to fumaric acid in basic aqueous solution gives a 
chloromalic acid of structure XX; the addition of bromine to irans- 

HO 2 C—CHOH—CHCl—CO 2 H CeHs—CH(0CH3)—CHBr—CeHs 

XX XXI 

stilbene in methyl alcoholic solution gives mostly the methoxybromide, 
XXI (plus a little a:,a'-dibromobibenzyl, XXII, the amount of which 

CeHfi—CHBr—CHBr—CgHg 

XXII 

increases with the concentration of bromide ion in the reaction mix¬ 
ture) ; the addition of bromine to ethylene in a saturated solution of 

” See, for example, R. Robineon, Outline of an Electrochemical {Electronic) Theory of the 
Course of Organic Reactions, Institute of Chemistry of Great Britain and Ireland, London, 
1932; C. K. Ingold, Chem. Rem. 16 , 226 (1934). 

« P. D. Bartlett and D. S. Tarbell, J. Am. Chem. Soc. 68, 406 (1930). 
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sodium chloride or sodium nitrate gives, respectively, l-brorao-2-chloro- 
ethane, XXIII, or /5-bromoethyl nitrate, XXIV. A kinetic study has 


CH^Br—CrisCl CH 2 Br—Clio—0—NO 2 

XXIII XXIV 


CIi 3 —OBr 
XXV 


shown that the formation of the methoxybromide, XXI, cannot be due 
to an addition of methyl hypobromite, XXV, to the stilbcnc, since the 
rate of the reaction is proportional to the concentration of uncombined 
})romine Br 2 , but is independent of that of methyl h^^pobromite; more¬ 
over, the formation of the bromochloroethane, XXIII, cannot be diu^ to 
an addition of bromine chloride, BrCl; for, altliough this inicjrhalogeii 
compound is known, no appreciable quantity of it could be prciscnt in tlie 
solution. 

Although it is, therefore, practic^ally certain that an unstable organic 
cation is frequently an int(?rmediate in the reaction, there is good reason 
to doubt that this cation is adequately represented by structure XTX 
(equations 7*29 and 7*30); for, if the intermediate did have such a 
structure, maleic and fumaric acids would be (ixpiicted to givc^ the same 
intermediate and, hence, in the concluding step (ecpiation 7-BO) the 
same a,a'-dibromosuccinic a(ud, or the same mixture of «,a'-dibromo- 
succdnic acids. In fa(!t, if structure XIX were cjorrect, the only (es¬ 
sentially different configurations of the (nation would then be XXVI, in 
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H CO 2 H II CO 2 H II CO 2 H 

XXVI XXVII XXVIII 

which the trivalent carbon atom is planar, and XXVJI and XXVIII, 
in which this atom is pyramidal. (Since these diastereomeric configura¬ 
tions are dissymmetric, th(ar enantiomorphs are also possible, but need 
not be separately considered.) It is extremely unlikely, however, that 
the atom in question could maintain the pyramidal form which it has in 
the configurations XXVII and XXVIII, since cither of these configura¬ 
tions should be easily transformed into the other by passing through the 
configuration XXVI. (Cf. Werner's mechanism of racemizati(3n, pages 
251 f.) Indeed, the configuration XXVI is probably the most stable of 
the three, and hence the one which the cation would actually assume. 
Moreover, the rotation about the single bond between the two central 
carbon atoms in each of the configurations XXVI-XXVIII should be 
essentially free. In any event, therefore, the intermediate cations 
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formed from maleic and fumaric acids should (as was noted above) be 
configurationally, as well as structurally, identical. 

It is important that tho freedom of rotation about the carbon-carbon single bonds 
in the structure XIX is not by iteclf sufficient to ensure that the intermediaUi (;ations 
di^rivtid from mahde and fumaric acids must lx? identical. If, for examples, the cation 
derived from maleic acid had, say, the configuration XXVIII, whereas the one 
derived from fumaric acid had instead the diast(*r(»om(iri(i configuration XXVII, 
then the two intermediates would be diffiirent, and no rotation about the bond in 
question could transform either cation into the other. CJonsequently, if the con¬ 
figurations XXVII and XXVIll are assuimnl to bt^ suffi(;i(mtly stable that, they can 
pei’sist until the concluding step of the addition ((equation 7 -30) has taken place, 
the prtHlominant trans addition can be explained. Consequently, the statement 
that structure XIX (;annot Ixi niconciled with the obs(u*ved formation of stereoiso- 
mc^rie, addition products from maleic and fumaric, acids is btiscid primarily upon the 
bc^lief that the trivalent (Carbon atom in this structure (cannot long maint,ain either 
of t-lie configurations XXVII and XXVIII; on the other hand, the correctness of 
this statement is almost., if not entindy, indepcmdtuit of the freedom of rotation 
about the central bond. The (emphasis which (in discussions of th(5 problem) has 
often been placed upon the freedom of rotation is, therefore, misleading. 


If, for the reasons just described, the intermediate cation is considered 
not to have striKjture XIX, a more satisfactory representation is clearly 
rticpiired. At th(5 present time, the best supportc^d and most widely held 
interpretation of the reaction is that the intermediate has a bromonium 
structure (cf. Section 2-3) like XXIX or XXX. 


CH—COoH 
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CH—CO 2 H 

XXIX 


CH=G—OH 
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CH—Br+ 


CO 2 H 

XXX 


Obviously, an analog of»the first of these structures can be written for the inter¬ 
mediate similarly postulated in any other reaction in which a halogen adds to an 
oltjfin; an analog of the second, however, cannot be written unless the molecule of 
the original olefin contains a carbonyl group conjugated with the ethylenic linkage. 
For the sake of both simplicity and generality, therefore, only structure XXIX will 
hereafter be employed. Although this structure may be incorrect with an unsatu¬ 
rated carbonyl compound, the treatment is not thereby invalidated since, as can 
easily be verified, neither the following argument nor the conclusions to which it 
leads would be significantly altered if the second structure, XXX, were instead 
employed. 

For obvious geometrical reasons, the formation of the three-membered 
ring in structure XXIX can hardly have involved a configurational 

I. Roberts and G. E. Kimball, J, Am. Chem. Soc. 69, 947 (1937). 
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change analogous to a Walden inversion about either of the two carbon 
atoms concerned. Consequently, in the intermediate formed from maleic 
acid, the two carboxyl groups must be cis with respect to each other, 
just as they are in the original reagent. The intermediate must there¬ 
fore have the symmetric (mcso) configuration, XXXI. In the concluding 
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step of the reaction, a bromide ion attac^ks one of the carbon atoms in the 
ring and breaks the corrc^sponding carbon-bromine bond. As in the 
rather analogous substitution reactions considered in Section 7*8, the 
bromide ion may be presumed to approach the carbon atom from the 
side opposite the carbon-bromine bond. A Walden inversion therefore 
occurs at the atom attacked. Consequently, the molecule of a,a'- 
dibromosuccinic acid that is formed when the bromide ion attacks the 
carbon atom at the left of the ring must have the dissymmetric con¬ 
figuration XXXII, whereas the molecule that is formed when the bro¬ 
mide ion attacks the carbon atom at the right of the ring must have the 
enantiomorphic configuration XXXllI. Since the two carbon atoms 
are equally likely to be thus attacked, equal quantities of the two enan- 
tiomorphs must be formed. The product is therefore the racemic modi¬ 
fication; hence, the addition is irans. 

Similarly, in the addition of bromine to fumaric acid, the postulated 
intermediate must have the im?is configuration, and hence must be a 
racemic modification containing equal amounts of the two enantio- 
morphs XXXIV and XXXV. The molecule of a,a'-dibromosuccinic 
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acid formed (again with a Walden inversion) from the intermediate 
XXXIV has the configuration XXXVI if the bromide ion attacks the 
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carbon atom at the left of the ring, or the configuration XXXVII if the 
bromide ion attacks the carbon atom at the right of the ring; on the 
other hand, the molecule formed from the enantiomorphic intermediate 
XXXV has the configuration XXXVII if the bromide ion attacks the 
carbon atom at the left of the ring, or the configuration XXXVI if the 
bromide ion attacks the carbon atom at the right of the ring. Since the 
configurations XXXVI and XXXVII are s 3 Tnmctri(j and identical, the 
product is the meso form. Again, therefoni, the addition is tram. 

The cis additions of clilorine and of bromine to makiate ion remain to 
be considered. The explanation of these exceptional reactions is prol)- 
ably that, on account of th(^ powerful repulsions between the two neg¬ 
atively charged carboxylate groups —C 02 “" in the cyclic intermediates, 
the tram configurations, in which these groups are as far apart as pos¬ 
sible (cf. configurations XXXIV and XXXV), are much more stable 
than is the cis configuration, in which the groups are much closer (cf. 
configuration XXXI). Consequently, the molecules of the cis inter¬ 
mediate must have a great tendency to go over into the tram configura¬ 
tions, if they can possibly do so. IMoreover, the transformation of the 
cis form into cither tram form should be relatively easy since it reejuires 
only the rupture of a carbon-halogen bond to give a noncyclic product 
(cf. structure XIX and configurations XXVI-XXVIII, above); then a 
rotation about the central carbon-carbon bond and an inversion of the 
configuration about the trivalent carbon atom; and finally the forma¬ 
tion of a new carbon-halogen bond. No one of the individual steps in 
this sequence should be difficult: the carbon-halogen bond that must 
be broken is doubtless very weak, since stable chloronium and bro- 
monium compounds with structures analogous to the ones here con¬ 
sidered are rare, if not actually unknown (cf., however, page 46); the 
assumed rotation about the single bond in the noncyclic molecule should 
be essentially free; the inversion of configuration is almost certainly 
rapid (see above); and, finally, the formation of the new carbon-halogen 
bond should occur spontaneously. If the transformation of the cis in¬ 
termediate XXXI into the racemic mixture of the tram forms XXXIV 
and XXXV occurs sufficiently fast, it can be practically complete before 
the intermediate has had time to react appreciably with the halide ions. 
Consequently, the fact that the final product is the meso ion XV, or 
XVI (i.e., the fact that the addition of the halogen to maleate ion is cis), 
is satisfactorily explained. The further fact that fumarate ion under¬ 
goes normal tram additions, and therefore gives the same products as 
does maleate ion, clearly requires no special explanation. 

In the addition of chlorine to irans-stilbene, XVII, comparable 
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H—O-CeHs 
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Cells—C—H CeHs—CIICl—CHCl—CeHe 

XVII XVIII 

amounts of the meso and racemic a,a'-dichlorobibenzyls, XVIII, arc 
formed (see pages 292 f.); this fact also is rather unexpected. The reac¬ 
tion here, however, can hardly proceed by the mechanism outlined above, 
since the rate of the addition is greatly increased by the influence of 
light. A reasonable interpretation of the therefore clearly photo¬ 
chemical addition is sho\\Ti in equations 7-31-7 *33. The assumed func- 

CI 2 + light 2C1 (7-31) 

^mns-Cells—CH=CH—CeHs + Cl 

CePIs—CHCl -CH—Cells (7 • 32) 

XVII XXXVIII 


Cells—CIICl—CH—Cells + Cl^ 

CeHe—CHCl—CPICl—CeHs + Cl (7-33) 

XXXVIII XVIII 

tion of the light is thus to produce chlorine atoms by dissociating the 
corresponding molecules (equation 7-31). These atoms are considered 
then to react with the /mrz^-stilbene (equation 7*32) to produce the in¬ 
termediate free radicals XXXVIII, (Cf. Chapter 15.) Since the chlo¬ 
rine atoms which are consumed in reaction 7 • 32 are replaced in reaction 
7*33, and since the radicals which are consumed in reaction 7*33 can 
then be replaced by a repetition of reaction 7*32 (and so on), the process 
can continue more or less indefinitely. (However, see belo^v.) A re¬ 
action occurring in such a way is called a chain reaction; whenever, as is 
true here, the chain-carriers (i.e., the chlorine atoms Cl and the inter¬ 
mediate radicals XXXVIII) are free radicals with unpaired electrons, 
such a reaction is more precisely called a radical-chain reaction. Each 
individual chain (i.e., each individual sequence of reactions initiated by 
one chlorine atom and proceeding by an alternation of reactions 7*32 
and 7*33) must sooner or later be broken by some chain-terminating 
step, like that of equation 7*34, in which at least one of the chain car- 

CeHs—CHCl—CH—CeHs + Cl 

CeHs—CHCl—CHCl—CeHs (7*34) 

^Cf. for example, S. Winstein and D. Seymour, J. Am, Chem, Soc, 68 , 119 (1946). 
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riers is irreplaceably consumed. Nevertheless, the production of a single 
pair of chlorine atoms by the absorption of a single quantum of light by 
a single chlorine molecule can lead ultimately to the formation of a great 
many molecules of a,Q:'-dichlorobibenzyl, XVIII. The quantum yield 
(i.e., the ratio of the number of the original stilbene molecules that are 
chemically transformed to the number of light quanta that are ab¬ 
sorbed) is therefore much larger than one. If the quantum yield were 
not very high, the photochemical addition would be an extremely slow 
reaction (and not a fast one, as is observed) since, with light sources of 
reasonable intensity, the number of quanta absorbed by any substance 
in even, say, an hour, is, at most, only a minute fraction of the number 
of molecules present. 

The fact that the rates of the photochemical cis and trans additions 
of chlorine to ^mns-stilt)ene are comparable suggests that, if these re¬ 
actions occur hy the mechanism just outlined (equations 7 •31-7 *33), 
the trivalent carbon atom in the assumed intermediate XXXVIII is un¬ 
able to maintain a pyramidal configuration. (Cf. configurations XXVTI 
and XXVTI I on page 294.) Moreover, the further conclusion can be 
drawn that, if a cyclic intermediate radical XXXIX (cf. structure XXIX, 

Coils—CH—CII—CoHs 



XXXIX 


above) is formed at all, it must contain a particularly unstable ring, since 
the obseiwed easy inversion of the configuration about one of the carbon 
atoms can occur only in the noncyclic radical XXXVIII. (Cf. the above 
discussion of the nonphotochemical addition of bromine to maleate ion. 
For further and more detailed discussions of photochemical and radical- 
chain reactions, see pages 307 f. and Sections 15*4 and 15-5.) 

The additions of hydrogen to olefins are much too numerous and too 
varied to be discussed here in detail."^®’It will, accordingly, be suf¬ 
ficient to mention merely that hydrogenations over platinum, palladium, 
or nickel catalysts are likely to be predominantly whereas 

those brought about by such reducing agents as metal-acid combinations 
(e.g., sodium and an alcohol) or as hydrogen iodide are likely to be more 
nearly trans. For example, the major products formed in the hydro- 

7«Cf., however, K. N. Campbell and B. K. CampbeU, Chem. Revs. 31, 77 (1942); H. 
Adkins and 11. L. Shriner in H. Gilman, Organic Chemistry, John Wiley and Sons, New 
York, 2nd ed., 1943, Volume I, Chapter 9. 

See R. P. Linstead, W. E. Doering, S. B. Davis, P. Levine, and R. R. Whetstone, J. 
Am, Chem. Soc. 64 , 1986 (1942), and other literature quoted there. 

^ A. Farkas and L. Farkas, Trans. Faraday Soc. 33, 837 (1937). 
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genations of dimctliylmaleic acid, XL, and of dimethylfumaric acid, 
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XLI, over a nickel catalyst are, respectively, the rneso and the racemic 
a,a'-dimethylsuccinic acids with structure XLII. On the other hand, 
reidiiction of llie anhydride, XLIIT, of dimeihylmaleic acid, XL, with 


CII 3 —C- 


-C=0 

\ 

O 


CH3— c-c=-o 

XLIII 


sodium and alcohol, or with zinc and sulfuric acid, or with hydrogen 
iodide, gives a mixture containing comparable amounts of the meso and 
racemic aja'-dimethylsuccinic acids, XLII; moreover, reduction of 
dimethylfumaric acid, XLI, with sodium amalgam and alcohol, or with 
zinc and acetic acid, gives a similar mixture of products. In all these re¬ 
actions, however, the relative proportions of the products vary consid¬ 
erably with the experimental conditions (e.g., the activity of the metallic 
catalyst, the acidity or basicity of the medium). 

A reasonable explanation of these regularities is the following. In a 
catalytic hydrogenation, the organic molecule possibly is adsorbed on, 
and lies flat agahist, the metallic surface, so that the hydrogen atoms 
(which are dissolved in the metal) must approach from the same side; 
hence the addition is On the other hand, some entirely different 

mechanism is doubtless involved in a reduction by a metal-acid combina¬ 
tion, or by hydrogen iodide, or by any other analogous reagent; possibly, 
a reaction belonging to one of these latter types proceeds in steps, so that 
only one hydrogen atom, or its equivalent, is added at a time. If the 
thus postulated intermediate is unable to maintain a definite stereo¬ 
chemical configuration, two stereoisomeric olefins must give rise to the 
same intermediate, and hence also to the same final product, or to the 
same mixture of final products. Under such circumstances, therefore, 
both ds and trans additions should be observed. (Cf. the analogous ad¬ 
ditions of the halogens to maleate and fumarate ions, and of chlorine to 
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<rans-stilbene, discussed above.) Moreover, both in the catalytic hy¬ 
drogenations and in the reductions by metal-acid combinations and the 
like, the original olefin may rearrange more or less completely to its 
stereoisomer before the addition of the hydrogen occurs; similarly, the 
product initially formed in the reaction may likewise rearrange more or 
less completely to its stereoisomer after the addition is complete. If re¬ 
arrangements of either or both kinds take place, the identities of the 
products isolated are determined not only by the relative rates of the 
CIS and trans additions, but also by the positions of the stereochemical 
e(iuilibria involved. Such rearrangements should be especially common 
^vhen the addition of the hydrogen is slow and when the experimental 
conditions are particularly vigorous. Hence, it is not surprising that 
trans addition is observed more frecpiently with nicked catalysts (which 
often pennit only slow reactions except at high temperatures and pres¬ 
sures) than with platinum or palladium catalysts (which ordinarily per¬ 
mit fairly rapid reactions even at low temperatures and pressures). 

In the several ways just outlined, it is often possible to explain the 
stereochemical details of the various reactions in which carbon-carbon 
double bonds are saturated by the addition of hydrogen atoms. The 
phenomena are, however, so complex and (not infrec|uontly) so dis¬ 
cordant that no such simple interpretation can be completely satis¬ 
factory. Consec|uently, numerous exceptions to the generalizations 
stated above must be expected. (For further details, the reader is re¬ 
ferred to the comprehensive reviews of the subject that are now avail- 

able.7®-77) 

Comparatively little is known about the steric courses of those re¬ 
actions in which reagents other than the halogens or hydrogen add to 
double bonds. The most carefully investigated reactions of these further 
classes are the ones where hydroxyl groups become attached to the 
formerly unsaturated carbon atoms; such additions may be brought 
about by the action of dilute alkaline aqueous potassium permanganate 
or by that of sodium chlorate in the presence of a little osmium tetroxide 
OSO 4 . By either reaction, maleic acid, I, is transformed into rneso- 
tartaric acid, XLIV, and fumaric acid, V, is transformed into racemic 

CO2H 

I 

H—C—OH 

H—C—CO2H H—i—OH H—C—CO2II 

H—C—COaH CO2H HOaC—G—H 

I XLIV V 
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CO2H 
H—i—OH 

I 

HO—O—H 

I 

CO 2 II 

XLV 


CO2H 
HO—(Lh 

I 

H—C—OH 

I 

C^Oall 

XL VI 


tartaric acid, XLV and XLVT; each addition is therefore cis. Similarly, 
c3’^clopentene, whic^h necessarily^ has the ds configuration XLVII (sec 
Section 9*5), is oxidized by permanganate to the nonresolvable, and 
hence cis, cyclopentane-l ,2-diol, XLVIII; here also, therefore, the ud- 


on 

I 



XLVII XLVIII 


dition is cis. To the extent that any generalization is permitted by the 
limited number of reactions for which all the required data have as yet 
been reported, the addition of two hydroxyl groups seems always (as in 
the examples cited) to be cis. Nothing is now known, however, about 
the detailed mechanisms of the reactions; conseciuently, no explanation 
for their stereochemical features can be given. 

The reactions of hydrogen halides with olefins have been so little 
studied from the stcreochemi(^al viewpoint that no general statement 
regarding the occurrence of cis or trans addition can at present b(^ made. 
The most carefully investigated reactions of this type are probably the 
additions of hydrogen bromide to bromomaleic acid, XLIX, and to 

Br—C—CO2II Br—C—CO2H 


H—C—CO 2 II IIO 2 C—C—II HO 2 C—CIIBr—CIIBr—CO 2 H 

XLIX L LI 

bromofumaric acid, Ij, In the older literature, each of these acids is re¬ 
ported to be transformed into a mixture of the meso and racemic a,a'- 
dibromosiiccinic acids, LI. In a more recent study,however, it has 
been found that bromomaleic acid, XLIX, gives only the mesa product, 
whereas bromofumaric acid, L, gives mostly, but not exclusively, this 
same meso product. In the former reaction, therefore, the addition is 

M. S, Kharasch, J. V. Mansfield, and F. R. Mayo, unpublished results. See J. V, 
Mansfield, Ph.D. Thesis, University of Chicago, 1942. 
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entirely trans; in the lattc^r, it is mostly, but not exclusively, cis. Clearly, 
no significant generalization can be based upon such meager data. 

7-10 The Stereochemistry of Additions to Carbon-carbon Tri¬ 
ple Ronds. The stereochemical features of the additions of halogens 
to carbon-carbon triple bonds have been relatively little studied. It has 
been established, however, that ^rans-dichlorostilbene, I, and trans- 

Cells—C—Cl CgHs—C—B r 

II II 

Cl C CgHe Br—C—Cells CeHe—C=C—CeHs 

I II III 

dibromostilbene, IT, are the major ethjdenic products formed in the ad¬ 
ditions of the respective halogens to tolane (diphenyla(^etylene). III.®® 
Similarly, the reaction lietween bromine and acetylene dicarboxylic 
acid, IV, gives largely dibromofumaric acid, V. In each of these three 

Br—C—CO 2 II 

li 

HO 2 C—C=C—CO 2 II HOsC—C—Br 

IV v 

reactions, the addition of the halogen to the triple bond is, therefore, 
predominantly trans. Since, however, only a comparatively few such 
additions have thus been definitely (classified, there (can be no assurance 
that trans addition of a halogen to a triple bond is entirely general, nor 
even that it is more common than cis addition. 

If, however, on the basis of tluc incompkete evidence now available, 
the addition of one mole of a halogen X 2 to an acetylene R—C=C—R' 
is assum(id always to be irons, the possibility that an unstable inter¬ 
mediate like VI (cf. the intermediate XXIX on page 295) may par- 

R' 

\ 

c 



11 / 

i) 

/ 

11 

VI 

ticipate in the reaction is immediately suggested. There is, however, no 
necessity that the addition of a halogen to an acetylene be so closely 
analogous to the addition of the same reagent to an olefin. In fact, the 

®For the assignment of configurations to the cis and trans isomers of these halogen 
compounds, see E, Bergmann, Chem, Soc, 1936, 402, 
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two reactions could conceivably proceed by entirely different mech¬ 
anisms, and through entirely dissimilar intermediates. Thus, it is not 
impossible that, in any reaction in which an acetylene could give rise to 
either of two stereoisomeric addition products, the material isolated may 
be merely the equilibrium mixture of the two; under such circumstances, 
trans addition should predominate, since trans compounds are usually 
more stable than are their cis isomers. (Cf. pages 319 and 323.) 

The addition of hydrogen to acetylenes has been rather more exten¬ 
sively studied than has that of the halogens to the same substances.^®* 
When elementaiy hydrogen in the presence of a platinum, palladium, or 
nickel catalyst is used as the reducing agent, the addition of the first 
molecule of hydrogen to the triple bond is usually m. For example, the 
hydrogenation of tolane, III, over a palladium or nickel catalyst gives 
mostly m-stilbene, VH, and only a little irans-stilbene, VIII. Similarly, 

Cells—C—H C0H5—C—II 

!l !l 

CeHs—C—H H—C—Cells CH3—(CH2)3—C^(^(CH2)3—CHg 

VII VIII IX 

the hydrogenation of 5-decyne (di-7i-butylacetylene), IX, over nickel 
gives 6‘zV5-decene, X, and little if any of the trans isomer, XI.®^ The oc- 

CH^—(CH2)3—C—H CH3—(0112)3—C—H 

:! ' 11 

CII3—(0112)3—O-H H—C—(0112)3—CII3 

X XI 

currence here of cis addition is most easily explained with the aid of two 
assumptions: first, that tlie organic molecule is adsorbed on the surface 
of the catalyst; and second, that the two hydrogen atoms which add to 
the triple bond approach simultaneously and together (presumably as a 
hydrogen molecule).^® The second of these assumptions was not re¬ 
quired above for the interpretation of the corresponding reactions of 
olefins (cf. page 300); it is, however, essential here since, if the two hy¬ 
drogen atoms were only required to pass directly from the metal to the 
adsorbed unsaturated molecule, the addition to an acetylene (unlike 
that to an olefin) could be trans as easily as it could be cis. 

When the addition of one molecule of hydrogen to a carbon-carbon 
triple bond is brought about by a metal-acid combination, or the like, 
the addition is most commonly trans^^’ For example, the reduction of 
tolane, III, by sodium and methyl alcohol, or by zinc and acetic acid, 
gives mostly /rans-stilbene, VIII; and that of 5-decyne, IX, by sodium 

® K. N. Campbell and L. T. Eby, J, Am. Chem, Soc. 68, 216, 2683 (1941). 
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in liquid ammonia gives mostly ^mns-5-decene, XI. As in the addition 
of a halogen to an acetylene, the predominance of irans over cis addition 
may here be merely a direct consequence of the fact that, of the two 
possible stereoisomeric olefins, the trans form is usually the most stable. 
(See pages 319 and 323.) On the other hand, it has been reported that, 
by the action of the zinc-copper couple in alcohol, tolane is reduced 
to cis-stilbene, VIL 

The addition of hydrogen chloride and of hydrogen bromide to 
acetylenedicarboxylic acid, IV, gives, respectively, chlorofumaric acid, 
XII, and bromofumaric acid, XIII. In each reaction, therefore, the 


C1~C—CO 2 H Br—C—COoII 

II i! 

IIO 2 C-C—II IIO 2 C—C~-1I 

XII XIII 

addition to the triple bond is trans. The participation here of an in¬ 
termediate analogous to the one with structure \T seems rather less 
likely tlian does that of the, intermediate XIV. The justification of this 

HO 2 C—C-C-~C=()+—II 

I 

Oil 

XIV 

statement is twofold. In the first place, a hydrogen atom cannot form 
two covalent bonds, as does the halogen X in structure VI. (Cf. Section 
1-8 and also page 423.) In the second place, the proton would be ex¬ 
pected to attach itself to an oxygen atom rather than to a carbon atom 
since, if the proton becomes bonded to the oxygen atom (as in structure 
XIV), no covalent bond of the original organic molecule need be broken; 
whereas, if it instead becomes bonded to one of the carbon atoms, the 
triple bond is necessarily decreased to a double bond. (Cf. structure VI.) 
Moreover, the assumed intermediate XIV is merely an oxonium cation 
of the type discussed in Section 2-3; consequently, at least a trace of 
such a cation must certainly be present, whether or not it be an inter¬ 
mediate in the addition of the hydrogen halide to the acetylenedicar- 
boxylic acid. 

When a molecule of a strong acid adds to a carbon-carbon triple bond which is not 
conjugated with a cai’bonyl group, the second of the objections just stated no longer 
applies. Moreover, the first objection also may not be completely valid, since, in 
the reaction of an acetylenic molecule without a conjugated carbonyl group, the 
hypothetical intermediate might have a charge distribution that is some sort of 
average of the distributions corresponding to the three different structures XV, XVI, 
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R' 



XV 


R' 



F 


XVI 


R' 

\ 

c 



/ 

R 

XVII 


and XVII. (Of. Chapter 10.) Such a (uition would, of course, have a close geo¬ 
metrical, if not structural, analog}’^ to the above intermediate VI. (Similar (con¬ 
siderations have been applied also in the discussion of thcc a<lditlons of strong acids 
to uncoiijugated double bonds.^^ Of. page 310.) 


In view of the pn^sent lat’.k of information regarding the rnoehanisms 
of the respective reactions, further speculation regarding the (iause of 
the observed trans additions to acetylenic compounds would here be 
unprofitable. Ind()ed, as has already been noted in connection witli 
other reactions, the fact that any given addition roaedion leads to a 
trans product may mean only that the irems c.omi)ound, since it is more 
stable than its cis isomer, predominates in the eciuilibrium mixture of 
the two. 

7*11 Mechanisms for the Catalyzed Cis-traus Interconver¬ 
sions of Ethylenic Compounds. Although many of the substances 
that add to carbon-carbon double l)onds can frequently also catalyze 
the interconversion of ethylenic cis-traiis isomers, the addition of the 
catalyst to the double bond cannot in general be a step in such isom(iriza- 
tions, (Cf. Section 7-7.) Nevertheless, the various additions and the 
corresponding isomerizations may still be closidy related, and they may 
still involve common intermediates. Thus, it is not unreasonable to 
suppose that the bromine-catalyzed reaction, by which czs-stilbene 
(isostilbene), I, is converted into the more stable ^mns-stilbene, 11, may 


C0H5 CePIs 


CeHr—C-H 
CeHs—C-H 

I 


H-C-CeHs 

II 

CoHs—C—H 

II 


C.c 

l\ VI 

H Br+ H 

III 


proceed by way of the same cation III that is postulated as an inter¬ 
mediate in the (nonphotochemical) addition of bromine to the original 
hydrocarbon 1. (Cf. configuration XXXI on page 296.) If the con¬ 
centration of bromine is small, the subsequent reaction, in which racemic 
a,a'-dibromobibenzyl, IV, is produced from this cation (cf. equation 


** Cf. C. C. Price, Mechanisms of Reactions ai CarhoriHxirhon Double Bonds, Interscience 
Publishers, New York, 1946, page 40. 
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CoHs—CHBr—CHBr-CeHs 

IV 


Cells 


H 


C.C 

l\ 

H Br+ CeHs 

V 


CgHs 

I 

C- 


H 

I 

-C 


I \ I 

H Br+ CgHg 


VI 


7*30 on page 203), must be slow; in fact, the reaction may be so slow 
that, before it has occurred, the cis cation, ITT, has had sufficient time to 
rearrange to one of its more stable trans isomers, V and VI. The mech¬ 
anism of the rearrangement would presumably, of course, be the one 
postulated on page 297 for the analogous rearrangement in the ad¬ 
dition of a halogen to maleate ion. If, now, the reactions by which the 
cations III and V (or VI) are formed from cis- and /m^is-stilbene, re¬ 
spectively, are readily reversible, the two stilbenes not only are con¬ 
stantly transformed into their corresponding cations, but also are con¬ 
stantly produced from these cations. Evidently, therefore, a relatively 
larger amount of the cis compound could be changed into the equilibrium 
mixture (which is almost the pure trans form) by merely a trace of bro¬ 
mine. 

Although the mechanism just outlined seems quite reasonable, and 
although it may well be involved in many cis-trans interconversions, it is 
probably not correct for the pailicular reaction considered above; at 
any rate, it can probably account for no more than a small fraction of 
the observed isomerization of as-stilbene. This conclusion follows from 
the fact that, in the dark, bromine has little, if any, effect upon the rate 
of the reaction.®^ The interconversion is therefore photochemical (cf. 
pages 298 f.); hence it cannot proceed by the obviously nonphoto¬ 
chemical mechanism just described. Moreover, the reaction (although 
photochemical) is also clearly not one of the uncatalyzed photochemical 
transformations mentioned in a previous section (cf. pages 267 ff.); 
for, if it were one of these, the bromine could then have no effect upon 
the rate. An uncatalyzed photochemical isomerization of m-stilbene 
occurs also, but can easily be distinguished from the much faster cat¬ 
alyzed one. 

The isomerization of cfs-stilbene in the presence of bromine is induced 
by visible light, as well as by ultraviolet light. Since visible light is 
absorbed only by the bromine, and not by the (colorless) hydrocarbon, 
the primary photochemical process clearly involves only the former 
substance, and not the latter. Moreover, since bromine molecules are 
known to be dissociated by light into bromine atoms, it is logical to as- 

8* M. S. Kharasch, J. V. Mansfield, and F. R. Mayo, J. Am. Chem. Soc. 59, 1155 (1937). 

8* Cf., for example, O. Darbyshire, Proc. Roy. Soc. (London) A169, 93 (1937). 
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sume that these atoms are the active agents responsible for the isomeri¬ 
zation. A reasonable mechanism for the reaction is therefore the one 
indicated in equations 7 *35-7 *37. (Cf. also equations 7 •31-7 *33 on 

Br 2 + light —> 2Br (7*35) 

m-C6H5—CH=CII—Colls + Br ^ 

I 

CoHs—CHBr—CII—CoHs (7 • 36) 

VII 

CoIIs-CHBr—CH—CoHs + aVCoHs—CH=CH—C0H5 ^ 

VII la 

<m^i 6 -CcH 5 —CH=CH—CoHs + CoHs—CHBr—Cfl—CoHs (7-37) 

II Vila 

page 298.) The intermediate VIT, like the bromine atom, is a free rad¬ 
ical with the single unpaired electron that is represented by the isolated 
dot. (Cf. Chapter 15.) Since, in the intermediate VIT, the trivalent 
carbon atom could hardly be expected to maintain a pyramidal con¬ 
figuration, and since there should now be free rotation about the central 
carbon-carbon bond, the intermediate derived from m-stilbene must 
presumably be in all respects identical with the one derived (in a reac¬ 
tion analogous to 7 -36) from ^rans-stilbene. (See pages 294 f. for a dis¬ 
cussion of a similar situation that arises in connection with a cationic 
intermediate.) Consequently, when this intermediate loses its bromine 
atom (reaction 7-37), it need not become a molecule of the original cis- 
stilbene, I, since it can instead become one of /mns-stilbene, II. In this 
reaction 7 *37, the bromine atom is transferred from the free radical VII 
to a second molecule (la) of aVstilbene; the original molecule (VII) of 
the intermediate, by thus losing its bromine atom, is transformed into 
one of <rans-stilbene, II, while the second molecule (la) of cts-stilbene is 
transformed into a second molecule (Vila) of the intermediate, equiv¬ 
alent to the one (VII) which it replaces. (Cf. also the following para¬ 
graph.) This chain of reactions can then obviously continue until, with 
the aid of c^nly a single bromine atom, a great many molecules of m- 
stilbene have been isomerized. (For further discussions of chain re¬ 
actions see below in this section, and also pages 298 f. and Sections 
15-4 and 15-5.) 

It 18 not necessary here to assume that, in each individual reaction of the type 
7*37, a molecule of the cia isomer must be used up and that one of the trans isomer 
must be formed in its place. Undoubtedly, in such reactions, many molecules of 
the tram isomer must, in fact, be used up, and many of the (ds isomer must be formed. 
The destruction of a molecule of trana-siilhene, with the simultaneous production of 
one of as-stilbene, is represented by the reverse arrow of equation 7*37; the replace¬ 
ment of a molecule of cis- (or tram-) stilbene by a second molecule of the same isomer 
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can be represented by an obvious slight modification of equation 7*37. In order 
that a macroscopic sample of cfs-stillxme be ultimately converted into the equi¬ 
librium mixture, in whicdi the trans isomer greatly predominates, all that is required 
is that there be some path by which the isomerization can take place; for, once such 
a path is provicknl, the direction in which the net reaction proceeds (from as to 
tranSf or vice versa) is determined by the position of the equilibrium under the expi^ri- 
mental conditions employed. Constuimmtly, although the discussion in the pre¬ 
ceding paragraph is incomplet<^, since it does not consider all the reactions which 
(^an and do occur, it is lUivertlieless sufficiimt to explain the observed bromine-cata¬ 
lyzed photochemical cis-trans in ter con version. 

The formation of /rans-stilbene from its cis isomer is catalyzed not 
only by bromine hut also by chlorine and by iodine. Similarly, the 
formation of fiimaric acid, VIII, from maleic acid, IX, is catalyzed, in 

H—C—CO2H H-C—CO2H 

ii 11 

HO2C—C—II H—C—COgll 

VIII IX 

the presence of light, by each of the three halogens named. Presumably, 
the mechanisms of all these further reactions are analogous to that of 
the one just discussed. Moreover, cis-trans interconvcrsions in general 
can frequently be catalyzed by other substances which, like the several 
halogen atoms, are free radicals with unpaired electrons. For example, 
idtrogen dioxide NO2 (cf. Section 15 * 7 ) brings about the transformation 
of oleic acid, X, to elaidic acid, XI. In most, if not in all such reactions, 

CH3—(CH2)7—C—ri CH3—(CH2)7—C—H 

II II 

HO2C—(CH2)7—O—II II—C—(CPl2)7—CO2H 

X XI 

radical-chain mechanisms, which are completely analogous to the one 
described in equations 7-30 and 7 * 37 , are probably involved.®^’®® 

Hydrogen bromide is also an effective catalyst for the isomerization 
of m-stilbene, I. Of the various possible explanations of this reaction, 
one of the first to be proposed was that the hydrogen bromide donates a 
proton to the stilbene molecule (equation 7 * 38 ); since, in the resulting 

cis-CeHs—CH=CH—CeHsl +HBr CeHg—CHj—C+H—CeHg 

I XII 

CH=CH—C 0 H 5 ] + Br~ (7-38) 

II 

® For further examples and further discussions of those cis-trana intercoiiversions which 
presumably go by radical-chain mechanisms, see F, R, Mayo and C. Walling, Chem» Revs, 
27 , 351 (1940). 

Cf. C. C. Price, Mechanisms of Reactions at Carhon^rhon Double Bonds, Interscience 
Publishers, New York, 1946, pages 66 ff.; R. Kuhn in K. Freudenberg, Stereochemic, Franz 
Deuticke, Leipzig and Vienna, 1933, pages 913 ff. 
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organic cation XII, the trivalent carbon atom should not be able to 
maintain a pyramidal configuration, and since, moreover, the rotation 
about the central carbon-carbon bond should be essentially free, the 
stilbene regenerated from the cation XII could be either the cis isomer, 
I, or the trans isomer, IL (Cf. the above paragraph in fine print.) Con¬ 
sequently, the mechanism appears able to account for the observed 
isomerization. (However, see below.) 


It has been suggested®* that the intermediate cation of rea(;iion 7*38 (cannot be 
adequately represented by structure XII, or by any otlK'r single structures of the 
classical type; but that instead it has a charge distribution which is some sort of 
average of the distributions corresponding to structures XIII, XIV, and XV. (Cf. 


CeHB—CH—C+H—CeHs 
XIII 


CcHb—C+H—CH— eWs 

/ 

H 

XIV 


C6Hb-CII--(^II—C eHfi 

11 + 

XV 


structures XV, XVI, and XVII on page 30G.) In this way, the mc'chanism is inadt^ 
more closely analogous to the one considered above (and then discarded) for th(‘ 
bromine-catalyzed reaction. Ilowevc'.r, the assumption her(‘ of such a cyclic inter¬ 
mediate merely complicat<3S the mechanism without adding to it anything that is 
both significantly new and relevant to the subject now under discussion; conse¬ 
quently, the simpler representation, XH, will hereafter be used. 

Although the reaction 7*38 seems entirely reasonable, and although 
the formation of an intermediate like XII is commonly assumed to be an 
essential step in most additions of strong acids to ethylenic hydrocar¬ 
bons, the mechanism here outlined is probably not the most im¬ 
portant one involved in the isomerization of m-stilbene by hydrogen 
bromide, although, as will be discussed below, it probably is the most 
important one in certain other isomerizations of similar type. Since, 
in this proposed mechanism, the catalyst (hydrogen bromide) acts 
merely as a proton donor, any other equally strong acid would be ex¬ 
pected to be equally effective. This prediction, however, is not in agree¬ 
ment with the facts when it is applied to the isomerization of cis-stil- 
bene; ^ hydrogen chloride, for example, produces only an extremely 
slow isomerization of this substance. It might be suggested that, since 
the reaction is usually carried out in a nonionizing solvent like benzene, 
the enormous difference between the catalytic effects of hydrogen bro¬ 
mide and hydrogen chloride is due merely to the difference in acid 
strengths of the two substances; for, since hydrogen bromide is a stronger 
acid than is hydrogen chloride (cf. page 77), it should be the more ef¬ 
fective proton donor, and hence the more effective catalyst for the 
isomerization. This suggestion, however, is not suflBicient to explain all 

®^G. W. Wheland, The Theory of Resonance^ John Wiley and Sons, New York, 1944, 
pages 232 fS, 
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the pertinent data. Thus, even hydrogen bromide, in the absence of air, 
cannot produce a rapid isomerization of cis-stilbene if the reaction is 
carried out in the dark, and if, moreover, all reagents are highly purified. 
In fact, the above-mentioned rapid isomerization by hydrogen bromide 
is observed only if the reaction mixture is subjected to the action of 
ultraviolet light, or if it contains at least trac^es of certain impurities like 
oxygen, peroxides (e.g., benzoyl peroxide, XVI), or reduced iron. (The 

Cells—CO—0—0—CO—Cells lIO^^_^OH C 2 II 5 —SH 

XVI XVII XVIII 

effect of air is possibly due, at least in part, to the formation of a peroxide 
by the reaction of oxygen with the unsaturated hydrocjarbon.) More¬ 
over, even in the presence of ultraviolet light or of a peroxide, the rate 
of the isomerization can be greatly decreased, and it may become prac¬ 
tically zero, if there is added a small amount of a substancje (a so-called 
antioxidant) like hj^droquinone, XVII, or ethyl mercaptan, XVIIL 
These various effects of light, of peroxides, and of antioxidants are ob¬ 
served only when the reaction is catalyzed by hydrogen bromide; if hy¬ 
drogen chloride is used instead, the reaction is always extremely slow, 
and its rate is not appreciably changed by any of the factors mentioned. 

Clearly, if the cation XII is an intermediate in any isomerization of 
m-stilbene, it can be involved only in such slow reactions as the ones 
induced by hydrogen <;hloride and, in the absence of air, light, peroxides, 
etc., by hydrogen bromide. The mechanism of the Jast isomerization 
by h^^'drogen bromide must, therefore, be entirely different. The most 
likely suggestion regarding this latter mechanism is that it is es¬ 
sentially the same as the one proposed above (equations 7-36 and 7-37) 
for the bromine-catalyzed reaction; or, in other words, that the isomer¬ 
ization is a chain reaction initiated by bromine atoms. These bromine 
atoms are, of course, assumed to be produced from the hydrogen bro¬ 
mide by the light, by the oxygen, by the peroxide, or by hydrogen atoms 
(which are themselves formed in a reaction between reduced iron, or the 
like, and the acid). Moreover, the effect of the antioxidants is explained 
by the assumption that these substances react with, and destroy, either 
the bromine atoms or the intermediate free radicals (or both). By thus 
“breaking’' the chains, the antioxidants increase the number of in¬ 
dividual chains that must be initiated before any given amount of isomer¬ 
ization can occur; hence, they decrease the rate of the overall reaction. 
Finally, the reason why hydrogen chloride does not behave in the same 
way as does hydrogen bromide is presumably that, since the hydrogen- 
chlorine bond is stronger than the hydrogen-bromine bond, the chlorine 
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atoms required to initiate the chains cannot be easily produced; and per¬ 
haps also that, for an analogous reason, the reaction corresponding to 
the one of equation 7*37 (when the bromine atoms are replaced by 
chlorine atoms) may be rather slow. 

The above radical-chain mechanism for the isomerization of m- 
stilbene by hydrogen bromide receives some support from the fact that, 
in the presence of oxygen, a trace of a,a'-dibromobibenzyl, IV, has been 

CeHs—CHBr—CHBr—Cells 

IV 

found among the reaction products,’®*®® along with a much greater 
amount of ^mns-stilbene; this dibromide could, of course, arise from a 
reaction either between a molecule of the intermediate radical VII and a 
bromine atom, or between two molecules of the intermediate. "l"he 
evidence is, however, not conclusive, since the formation of the di¬ 
bromide IV might instead be due to the oxidation of the hydrogen bro¬ 
mide (by oxygen or by a peroxide) to molecular bromine Br 2 , which then 
adds in the usual manner to the hydrocarbon. More satisfactory evi¬ 
dence for the proposed mechanism of isomerization is provided, how¬ 
ever, by the fact that, under the influence of air, light, peroxides, etc., 
hydrogen bromide (but not hydrogen chloride) takes part in other re¬ 
actions besides the isomerization of aVstilbene, and that these further 
reactions can also be most easily explained in terms of analogous free- 
radical chains.®® (Cf. Section 15-5.) Consequently, the mechanism in 
question does not stand by itself; rather, it is merely a single example 
taken from a fairly extensive group of closely related mechanisms. 

The discussion in this section has so far been largely restricted to the 
isomerization of cis-stilbene, I. There is, however, no justification for 
the belief that the cis-trans interconversions of all ethylenic compounds 
must be analogous to that of this particular hydrocarbon. Indeed, there 
is conclusive evidence that important differences do exist.®® Thus, for 
the conversion of methyl maleate, XIX, into methyl fumarate, XX, 

H—C—CO2—CHa H—C—CO2—CH3 

II II 

H—C— CO2—CH3 CH3—O2C— C—H 

XIX XX 

hydrogen chloride is nearly as effective as is hydrogen bromide; more¬ 
over, neither oxygen nor antioxidants here affect the rate of the re¬ 
action catalyzed by hydrogen bromide. For the conversion of maleic 
acid, IX, itself into fumaric acid, VIII, in the presence of air, hydro- 

® Y. Unishibara and O. Simamura, Bull. 0iem. Soc. Japan 13 , 666 (1938), 

O. Simamura, BuU. Chem. Soc. Japan 14 , 22 (1939). 
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chloric acid and hydrobromic acid have been found to be approximately 
equally effective.^® In these several reactions, therefore, the catalyst 
presumably a(!ts principally as a proton donor (as in the original mech¬ 
anism discussed on pages 309 f.), and not as a source of halogen atoms, 
although the opposite is true in the isomerization of m-stilbene. With 
methyl maleate, for example, the intermediate organic cation, which 
undergoes the actual cis-trans interconversion, probably does not have 
structure XXI (cf. structure XII) since, for the reasons given on page 

CII 3 —O.C—CHa—C+II—CO 2 —CHa 

XXI 


CIT3—OoC—CH=-CH—C= 0 +—H 

I 

O—CH3 

XXII 

305, the proton would be more likely to become linked to an oxygen 
atom, as in structure XXII, than to a carbon atom. This greater tend¬ 
ency of the proton to attack an oxygen atom than to attack a carbon 
atom possibly explains why hydrogen chloride, for example, is so much 
more effective as a catalyst for the isomerization of methyl maleate and 
of maleic acid than it is for that of m-stilbene. 

An alternative, and possibly better, description of the postulated intermediate 
cation which is represtmted above by structure XXII is that it has a charge distribu¬ 
tion which is an average of the distributioiis corresponding to structures XXII and 
XXIII. (Cf. Chaptx?r 10.) The catalysis by the acid is thus considered to be due 

CH3--02C--C^H-~CH===C—O—H 
(!>—CHj 

XXIII 

to the tendency of the proton to attract electrons toward itself by pulling them out 
of the carbon-carbon double bond at the center of the original molecule. To the 
extent that electrons are thus removed from the double bond, this bond becomes 
more similar t-o a single one; consequently, the rotation about the bond is made 
more nearly fnn?, and the carbon atom which is trivalent in structure XXIII becomes 
It'ss able to maintain any specified configuration. The catalytic effect of the acid 
can therefore be explained without recourse to the rather improbable structure XXI. 

Other Lewis acids (cf. Section 3-3) besides the proton can catalyze 
cis-trans interconversions. Thus, methyl maleate, XIX, is isomerized to 
methyl fumarate, XX, by aluminum chloride, ferric chloride, and zinc 
chloride.®® Presumably, these reactions involve intermediates with 
charge distributions that are intermediate between the extremes repre- 

W, I. Gilbert, J. Turkevitch, and E, S, Wallis, J, Org, Chem. 3, 611 (1939). 
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sented by structures like XXIV and XXV. (Cf. structures XXII and 

CH3—020-CH=CH—C= 0 +—AI-CI3 

1 

O-CII3 

xxrv 

CH3—O2C—C+H-CH=C—O—AI-CI3 

1 

0 —CH3 

XXV 

XXIII.) Not all strong Lewis acids, however, arc effective; boron tri¬ 
fluoride BF 3 , for example, does not catalyze the isomerization of methyl 
maleate; perhaps surprisingly, however, it does catalyze that of cis- 
stilbene,®* possibly through such an intermediate as XXVI. 

CoH.-,—CII—C+n—Cells 

I 

B-F3 

XXVI 

The reason why hydrogen bromide, which acts mostly as a source of 
bromine atoms in the isomerization of m-stilbene, acts instead mostly 
as a proton donor in that of methyl maleate is rather obscure. The ex¬ 
planation cannot be that methyl maleate is unable to be isomerized by 
the radical-chain mechanism; for, since the bromine-catalyzed isomeriza¬ 
tion of this substance is fast only under the influence of light, the re¬ 
action then doubtless involves chains in which bromine atoms par¬ 
ticipate. Perhaps, a larger number of bromine atoms can be formed in a 
given time, and hence a larger number of chains can be initiated, if 
molecular bromine is present than if only hydrogen bromide is present; 
consequently, the radical-chain mechanism permits a fast reaction when 
the catalyst is bromine, but only a slow one when the catalyst is hy¬ 
drogen bromide. There is not at present, however, sufficient evidence to 
show whether this suggested explanation is satisfactory. 

Numerous other aspects of the catalyzed cis-trans interconversions are 
likewise obscure. Thus, boron trifluoride is a much more effective 
catalyst than is hydrogen chloride for the isomerization of m-stilbene, 
but a much less effective one for the isomerization of methyl maleate. 
{See above.) Nevertheless, the respective mechanisms of the several 
reactions are considered to be analogous, since each isomerization is 
supposed to be made possible by the addition of a strong Lewis acid 

^ C. C, Price and M, Meister, J, Am* Chem* 80c, 61, 1595 (1939), 
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(cither boron trifluoride or the proton) to the organic molecule. If only 
the isomerization of m-stilbene is considered, boron trifluoride appears 
to be a stronger acid than the proton (as provided by the hydrogen 
chloride molecule); on the other hand, if only the isomerization of methyl 
maleate is considered, boron trifluoride appears to be a weaker acid than 
the proton. Clearly, therefore, the acidity (in the Lewis sense) of the 
catalyst is not its only significant property; hence, other characteristics 
of the catalysts, whicii are more specific than arc their acidities, and 
which have not been considered in the preceding discussion, must also 
be important. It is not possible at the present time, however, to see 
clearly what these other characteristics arc; perhaps they are related, in 
some way that it is not immediately obvious, to the phenomenon known 
as steric hindrance. (See Section 9*7.) 

Finally, many substances, which have little apparent resemblance to 
the catalysts mentioned earlier in this section, have been observed to 
exert similar effects upon the rates of cis-trans interconversions.®'* For 
example, ammonia and primaiy and secondary amines (o.g., methyl 
amine, XXVII, aniline, XXVIII, dimethylamine, XXIX, and piperidine^ 

Clh—Nlh Cells—NH2 (0113)2X11 

XXVII XXVIII XXIX 

XXX) are ix'ported to catalyze the isomerization of methyl maleate, 


(CsllrOaN 

XXXI 

XIX; ^ a tertiary amine like triethylamine, XXXI, is, however, in¬ 
effective. Moreover, platinum black and palladium black bring about 
a number of isomerizations,®^’®® as does also colloidal sulfur.®^ Such 
transformations as these have not yet been satisfactorily explained. 

7*12 The Determination of Relative Configuration. A few ex¬ 
amples of the methods by which the configurations of optically active sub¬ 
stances are determined (relative to those of the glyceraldehydes) have 
already been given on pages 181 f., 225 f., and 277 ff. A more extensive, 

** G. R. Clemo and S. B. Graham, J. Chem. Soc, 1930, 213, 

** B, Tamamushi and 11. Akiyama, BuU, Ch^m, Soc. Japan 12» 382 (1937), 
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and possibly more typical, set of examples ^ is given by the sequence of 


reactions 7*39. 

(Cf. also equations 7 * 40 on page 320.) The preparation 

CHO 

1 

CO 2 H 

COj- 

1 

CO 2 H ^ 
1 


HO—(:-~H 

1 

ho-(!>-h 

1 

^ HO—(^H 

HO—(:—H 


CJ120U 

CH 20 H 

j 

CH2N-*H3 

1 

CHsBr 


l>(--)-Rlycer- 

L-(+)-l3:lyccrio 

L-(—)-i80- 

L-( 4')-^-broiTio- 


aldehyde 

acid 

Bcrine 

lactio add 


I 

II 

III 

IV 




T 

1 


CO 2 H 

1 

CO 2 H 

1 

CO 2 H 

1 


■ ( 7 * 39 ) 

HO—G—H 

HO—C—H 

HO—C^—H 

C02H 


H—(!)—OH 

1 

(^112 

1 

ills 

j 

HO—H 

1 


CO 2 H 

<J 02 H 

CONH 2 

(JH 3 


i>(--)-tartario 

L-(--)-malio 


L“(4-)“lactic 


acid 

acid 

aciic acid 

add 


V 

VI 

VII 

VIII 



of (+)-glyceric acid, II, from L-(~)«gl 3 T.eraldehyde, I, shows that the 
former substance, like the latter, belongs to the L-series and has the con¬ 
figuration shown. Similarly, the preparation of the same l-(+)- 
glyceric acid from (~)-isoserine (by the action of nitrous acid) shows 
that (—)-isoserine also belongs to the ir-series and has the configuration 
III. In the same way, the remaining reactions of the sequence show 
that (—)-)3-malamic acid, VII, (—)-malic acid, VI, (-“)-tartaric acid, 
V, (+)-iS-bromolactic acid, IV, and (+)-lactic acid, VIII, like^vise be¬ 
long to the L-series and have the respective configurations shown. Sim¬ 
ilar, but frequently more complicated, schemes have been employed for 
the determination of the configurations of many other optically active 
substances. 

It is important to observe that, in any rigorous determination of con¬ 
figuration, reactions in which asymmetric atoms are directly involved 
must be avoided; for, if this precaution is not observed, the number of 
Walden inversions which have taken place cannot then be known with 
complete certainty. Although, to be sure, considerable information re¬ 
garding the occurrence of inversions can be obtained in the ways de¬ 
scribed in Section 7 • 8, the conclusions based upon such information may 
perhaps in some instances be incorrect. Thus, from the fact that, as was 
shown above, (—)-malic acid belongs to the L-series and has the con¬ 
figuration VI, and from the belief that the reaction between this malic 
acid and phosphorus pentachloride is accompanied by inversion, it can 
be concluded that the resulting (+)-chlorosuccinic acid belongs to the 


K. Freudenberg, Ber. 47, 2027 (1914), 
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D-Beries and has the configuration IX. (Cf. equation 7 • 12 on page 269.) 
CO2H CO2H 

H-U. Cl -i-H 




C2H 

IX 




02H 


However, the occurrence of an inversion in this reaction has not been 
rigorously proved; it is instead only inferred from the analogy between 
the reaction in question and other reactions that are assumed to be of 
similar type. If the analogy should happen to be false, so that an in¬ 
version does not occur here after all, then (+)-chlorosuccinic acid must 
belong to the Ij-, instead of to the D-series, and its configuration must be 
X instead of IX. Similar uncertainties exist in most, if not in all, other 
determinations of configuration that are based upon reactions occurring 
at asymmetric atoms. 

An entirely different method of determining relative configuration can 
be taken from the sugar series. In most elementary textbooks of organic 
chemistry, the configuration of the aldehyde form of D-(-l-)-glucose is 
shown, by methods not essentially different from the above, to be XI. 


CHO 

I 

H—O—OH 
HO—i—II 

I 

H—C—OH 

.—(!)—o. 


H 


H 


CH 2 OH 

XI 


The cyclic a and forms of this monosaccharide, however, possess an 
additional as 5 mimetric carbon atom that is not contained in the aldehyde 
form, and they differ from each other in the configuration about this 
atom. The classical methods of Emil Fischer, by which the configura¬ 
tions about the four asymmetric atoms of the aldehyde form were estab¬ 
lished, have proved to be inapplicable to the problem of determining the 
configurations about this fifth as 3 mimetric atom which is present in only 
the a and forms. The conclusion has nevertheless been reached that the 
a form has the configuration XII (equivalent to XIII, cf. pages 187 f.), 
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whereas the form has the other possible configuration XIV (equivalent 
to XV). The evidence supporting this conclusion is as follows.®® Since 


(pihOH 

? ? 

II on 

XIII 


CH 2 OII 

yA \?" 

G 0 

|\ OH II /| 

Ol\l- ^/h 

il OH 

xrv XY 

boric acid is a very weak acid, its aqueous solution is a poor conductor 
of the electric current. The conductivity of such a solution is often in¬ 
creased, however, by the addition of an organic substance that contains 
hydroxyl groups in its molecules, lliis increase in conductivity, which 
is presumably due to the formation of complex ions, is found to be par¬ 
ticularly great if the molecules of the added hydroxylic compound con¬ 
tain two or more hydroxyl groups that are attached to adjacent carbon 
atoms and are cis with respect to one another. For example, the non- 
resolvable, and therefore cis, 1,2-cyclopentanediol, XVI, greatly in¬ 
creases the conductivity, whereas its optically active, and therefore 
tra?i$, isomers, XVII and XVIII, produce small decreases in conductivity. 

^CH* jCHa .CHa 



XVI xvn xvra 


Now, a-D-(+)-glucose is found to lead to a higher conductivity than does 
the form; consequently, the a and p forms presumably have, respec¬ 
tively, the larger and the smaller niunbers of adjacent cis-hydroxy 

» J. Boeseken, Ber, 46, 2012 (1913); Rev, trav, chim, 40, 663 (1921). 
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H-C-OH 

I 

HO-C—H 

H-i—OH 
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H-c-o—I 
CIIjOH 

XII 

no—^—11 
II—(p—oil 
IIO-C—H 
H-(j3—OH 
H-(p-0— 
CHjOH 
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groups; hence, they may be represented, respectively, by the configura¬ 
tions XIII and XV. This conclusion is supported also by the further 
fact that with D-(+)-gIucose the equilibrium mixture contains approx¬ 
imately twice as much of the as of the a form; since trans forms are 
usually more stable than their cis isomers (see the following section), the 
form with the configuration XV would be expected to predominate over 
the one with the configuration XIII. Finally, an analysis of the crystal 
structure of su(!rose, XIX, which is considered to be an a glucoside but a 
P fructosidc, has shown that the oxygen atom which links the two halves 


^CIIOH—CnOH HO—CH* CHOH—CHOH 
HO—CH ^CH-^^CH—CHjOH 

^CH-0"^ ^^0"^ 

I 

CHsOH 

XIX 

of the molecule is cis with respect to the adjacent hydroxyl group of the 
glucose component, but is trans with respect to the adjacent hydroxyl 
group of the fructose component.®® 

7 • 13 The Determination of Absolute Configuration. If a sub¬ 
stance is optically active, its absolute configuration cannot be uniquely 
determined by any purely experimental methods. Thus, although it is 
clear that D-(+)-glyceraldehyde, for example, must have the configura¬ 
tion shown in either I or II, there is no known experiment, or combina- 


CHO 

I 

I 

H—6-OH 
6H2OH 


CHO 

.1. 


h 


-OH 


H2OH 

11 


tion of experiments, which permits the decision between these two ab¬ 
solute configurations to be made.®®® In principle, the problem of assign¬ 
ing absolute configurations could be solved by theoretical calculations; in 
practice, however, mathematical difficulties have so far made impossible 
the rigorous treatment of any single substance. Consequently, the only 
calculations which have as yet been made ®^'®*»®®»^®® have employed 

C. A. Beevers and W. Cochran, Proc. Roy. Soc. (London) A190, 267 (1947), 
However, see J. Waser, J. Chem. Phys. 17, 498 (1949). 

^ Cf. J. G. Kirkwood, J. Chem. Phys. 6, 479 (1937), and further references given there. 
In a personal communication, Professor Kirkwood hAs informed the author that 
there is an error of sign in his paper. The discussion of Kirkwood's treatment, given 
above and also later in this section, is based upon his corrected calculations. 

«Cf. W J. Kauzmann, J. E. Walter, and H. Eyring, Chem. Reos. 26, 339 (1940), and 
further references given there. 

•»S. P. Boys, Proc. Roy. Soc. (London) A144, 655, 675 (1934). 

W. Kuhn. Z. physik. Chem. B31, 23 (1936), 
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various sorts of simplifying assumption,, and hence have been of some¬ 
what uncertain reliability. One calculation of this type has led to the 
conclusion that (4-)-scc-butyl alcohol has the absolute configuration III; 

C2TI5 

I 

HO—C—H 

I 

III 


however, a second calculation,®^ based upon a different set of assump¬ 
tions, has led to the opposite conclusion that the absolute configuration 
III belongs to the Ze/;o-rotatory enantiomorph. Moreover, still a third 
calculation for D-(-”)-lactic acid is consistent with the first, but incon¬ 
sistent with the second, of these two for the sec-butyl alcohols. (See 
below.) Hence, it is evident that, in at least some instances, at least 
one of the methods is unreliable. Clearly, therefore, the problem of the 
absolute configurations of optically active compounds must at the present 
time be regarded as unsolved. 

The sequence of reactions 7*40 shows that ( 4 ’)-sec-butyl alcohol must be reprtv 


CO2H CII2OIT CTI2—CO2IT CH2—CH2OH 

HO—(!;—H - no—<'v-H no—(^.-H -> IIO—i-TT 

(ills ills ina ills 


L-( ■+-)-lactio 
acid 
V 


GHz—CII 3 
HO—H 


k 


JH 3 
(4-)-«ec-butyI 
alcohol 
IV 


CH2—CH2I 
HO—d;—H 
djHs 


(7-40) 


seated by the conventional plane configuration IV, since the dextrorotatory lactic 
acid is known (cf. reactions 7 • 39) to liave the configuration V. If now, for the sake 
of definiteness, this alcohol is assumed to have the absolute configuration III, it 
follows that the symbol VI for i>-(-h)-glyceraldehyde is really a projection of the 

CHO 

H—dj-OH 
djHjOH 

VI 

P. A. Levene, A. Walti, and H. L. Haller, Science 64, 658 (1926); Bid. Chem. 71, 
465 (1927). 
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three dimensional figure I, rather than of the figure II. Similarly, the diagram V 
for L-(+)-lactic acid is a projection of the figure VII, rather than of the figure VIII; 
as noted above, this conclusion is in agreement with the calculation of Kuhn,*oo 
although inconsistent with that of Boys.®® 



COjH 

CO2H 

1 



no— 0 _H 

HO—C—II 
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VII 
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Since an optically inactive substancxi 

may be considered its own enan- 

tiomorph, its absolute configuration can 

i be determined imiciuely. Thus, 

although there 

is some doubt whether 

D-(+)-tartaric acid 

is IX or X, 

CO 2 H 

CO 2 H 

CO 2 H 

1 

CO 2 H 

11—6—OH 

1 

H-.-C—OH 

H—C—OH 

1 

H—C—OH 

1 

HO—(^H 

1 

1 

HO—C—II 

II—C—OII 

1 

H—C—OH 
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1 

CO 2 H 

C 02 II 

1 

COgll 

IX 

X 

XI 
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thon? is no doubt that w^r.s^Martaric acid is XT. This statement is jus¬ 
tified because the configuration XII, which bears the same enantio- 
morphic relation to XJ that the configuration X bears to IX, is actually 
identical with XI; consequently, although one of the two possible con^ 
figurations IX and X for D-(+)-tartaric acid must be correct, and the 
other must be incorrect, each of the corresponding configurations XI 
and XII of meso-tartaric acid is correct, and neither is incorrect. 

An important group of optically inactive compounds, to which ab¬ 
solute configurations can be assigned, consists of the ethylenic substances 
of the type represented by maleic and fumaric acids of structure XIII. 

HO 2 C—CH=CH—CO 2 H 

XIII 

With this pair of stereoisomers, the configurations can be determined 
relatively easily and with almost complete certainty. Thus, maleic acid 
is transformed at a temperature slightly above its melting point into an 
anhydride, for which only the configuration XIV is possible. (Cf, 

H—C—C-O 

H—C—CO 2 H H—C—CO 2 H 

/ II II 

H—C—C=0 H—C—CO 2 H HO 2 C—C—H 

XIV XV XVI 
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Section 9-5.) On the other hand, fumaric acid forms no anhydride ex¬ 
cept under more vigorous conditions, and even then it gives the an¬ 
hydride of maleic acid. (See pages 156 and 264.) It may be concluded 
therefore that maleic acid has the cis configuration, XV, whereas fumaric 
acid has instead the trans configuration, XVI. 

With a number of other stereoisomers, the relative ease of ring closure 
permits a similarly unambiguous assignment of configuration. Very 
frequently, however, the compounds of interest are of such nature that 
no one of the isomeric forms can be transformed directly into a cyclic 
substance. This situation is encountered, for example, with the cis and 
<rans-crotonic acids, XVII and XVIII, respectively. Occasionally, under 


II—C—CH 3 

II 

II—C—CO 2 H 


XVII 


H 3 C—C—H 

I! 

II—C—CO2H 


XVIII 


such circumstances, the configurations can still be determined, in an in¬ 
direct manner, by a method based upon the ease of ring closure. Thus, 
of the two trichlorocrotonic acids, XIX and XX, the one melting at 

H—C—CCI 3 CI 3 C—C—H 

H—(Lc02H II—C—CO 2 H 

XIX XX 


113°~114®C can be hydrolyzed to fumaric acid, XVI; this trichloro¬ 
crotonic acid must therefore have the irans configuration, XX. More¬ 
over, this same trichlorocrotonic acid can be reduced to the crotonic acid 
melting at 72°C, which must accordingly have the trans configuration, 
XVIII. The remaining crotonic acid, melting at 15-5°C, must there¬ 
fore have the cis configuration, XVII. 

In probably the majority of instances, the configurations of cis-irans 
isomers cannot be established either directly or indirectly by ring closure. 
For such substances, then, other methods of (usually) more dubious 
reliability must be employed. Thus, of the two cinnamic acids, the 
form which is esterified the more rapidly under given conditions may be 
considered to have the trans configuration, XXI, whereas the other form 


CoHs—C—H 


H—C—CO 2 H 

XXI 


H—C—CeHs 
H—C—CO 2 H 


XXII 


may be considered to have the cis configuration, XXII; the not entirely 
conclusive reason for this assumption is that, in the cis form, the pres- 
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ence of the phenyl group near the carboxyl group can be expected to 
make more difficult the approach of the alcohol molecule to the latter 
group .^®2 Since, however, the phenomenon of steric hindrance is at 
present not completely understood (see Section 9*7), the most that can 
be said for such a method is probably that (at any rate with the cinnamic 
acids) it leads to the same assignment of configuration as do the other 
methods discussed below. 

The method which is most commonly used, and which is most gen¬ 
erally applicable for the assignment of configurations to cis-irans isomers 
of the type now under discussion, is based upon a comparison of the 
physical properties of the substances.’®^ It has been found that, with 
those pairs of isomers to which the method of ring closure is applicable, 
the irans form usually has the higher melting point, the lower boiling 
point, the lower solubility in any specified solvent, and the lower heat 
of (combustion. Moreover, the trans form is usually the more stable 
form, in the scciisc that it is the one present in larger amount in the mix¬ 
ture resulting from thermal or (catalyzed equilibrium. (See pages 264 ff., 
306 ff.) The properti(cs of every pair of cis-tram isomers are not neces¬ 
sarily in agreement with all thicsc mles; trans-orotomc acid, XVIII, for 
example, boils at a higher temperature than does the cis form, XVII. 
Nevertheless, the properties of most such pairs are in agre^ement with 
most of the rules; thus, fmris-crotonic acid has a higher melting point, a 
lower solubility in water, and a greater stability than the cis form. These 
same rules are commonly assumed to apply also to those pairs of cis- 
trans isomers with which the method of ring closure cannot be used; and 
the rules are employed in the establishment of the configurations of such 
substances. Thus, of the two stereoisomeric 2-butenes, with structure 
XXIII, the one with the higher melting point, the lower boiling point, 

CHa—C—H 

ii 

CHs—CII=CH—Clla H—C—CHa 

XXIII XXIV 

the lower heat of combustion, and the greater stability is considered to 
be the trans form, XXIV. This method is obviously restricted to those 
isomeric pairs with whicJi the terms ^^ds” and ^Hrans^^ have unambiguous 
significance. Although there can be no uncertainty as to which of the 
two configurations of the ethylene dicarboxylic acids, XV and XVI, of 
the crotonic acids, XVII and XVIII, of the trichlorocrotonic acids, XIX 

J, J. Sudboroush and L, L. Lloyd, J. Chem, Soc, 73, 81 (1898). 

108 por further discussion of these methods see R. L. Shriner, R. Adams, and C. S. Marvel 
in H. Gilman, Organic Chemistry, John Wiley and Sons, New York, 1st ed., 1938, Volume 
I, pages 370 ff., 2nd ed., 1943, Volume I, pages 447 ff. 
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and XX, or of the cinnamic acids, XXI and XXII, is cis, and which is 
transy there is complete uncertainty in many instances. For example, 
it is somewhat arbitrary to describe either of the two methylcinnamic 
acids, XXV and XXVI, as cis or trans; it would be extremely arbitrary 

Cells—C—H CeHs—C—H H—C—Br H—C—Br 

II II II II 

CHs—C—CO^H HO 2 C—C—CHs Cl—C—I I—C—Cl 

XXV XXVI XXVII XXVIII 

to describe similarly either of the chlorobromoiodoethylenes, XXVII 
and XXVIII. Consequently, even if one of the isomers in such a vAise 
should be found to satisfy all the conditions for a trana form, there would 
still be no uniunbiguous way of deciding which of the two configurations 
is trans. 

With optically inactive stereoisomers of greater complexity than the 
foregoing ethylenic cis-trans isomers, a variety of methods must some¬ 
times be employed. An example, which brings out several points of in¬ 
terest, is provided by the truxillic acids.^^^ There are five of these 
stereoisomcric acids, with the configurations XXIX-XXXIII. All 



rxxTT xxxm 


forms are optically inactive, since the isomer XXIX has a center of 
symmetry, and since each of the four others has at least one plane of 
symmetry. The five acids are known, for historical reasons, and not 
necessarily respectively, as a, 7 , €, epi, and peri truxillic acids; the prob¬ 
lem of establishing their configurations is of course that of determining 
which of the diagrams XXIX-XXXIII corresponds to each substance. 

See Q. Wittigy Stereochemie^ Akademische Verlagsgesellschaft, I^eipzig, 1930, pages 
92 f., and further references given there. 
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Now, the half-anilides of the a and 7 acids have been found to be re¬ 
solvable. It is easily seen that the acids XXIX and XXX lead, respec¬ 
tively, to the diss 3 unmetric half-anilides XXXIV and XXXV, whereas 
the remaining three configurations, XXXI-XXXIII, lead instead to the 
symmetrical half-anilides XXXVI-XXXVIII, with planes of symmetry. 


CONHCftHi li 

C- i 


CeHy^H n/Kni an 5/II 

- ^c- 

I 

II 


-c 
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C02H 


XXXIV 


CONHCcHj H 

C-C 
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XXXV 




Cbnsequently, a-truxillic acid must be either XXIX or XXX, and 7 - 
truxillic acid must be the other. For the decision whether the a form is 
XXIX and the 7 form is XXX, or vice versa, use is made of the fact that 
the 7 form gives a phenylimide, which can possess only the configura¬ 
tion XXXIX. The 7 form is accordingly XXX, whereas the a form is 
XXIX. Of the remaining c, peri, and epi forms, the first gives a phenyl- 



XXXIX 


imide, the second gives an anhydride, and the last gives neither. It is 
evident therefore that, in the e and peri forms, the two carboxyl groups 
must be on the same side of the four-membered ring, whereas, in the epi 
form, they presumably lie on opposite sides. The e and peri forms are 
therefore XXXI and XXXIII (not necessarily respectively), and the 
epi form is XXXII. Since peri-truxillic acid is transformed, when 
strongly heated, into the c isomer, the latter is the more stable form and 
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presumably therefore the “more trans.^^ Consequently, the 'peri form is 
considered to be XXXIII, and the € form is considered to be XXXI. 
In this way, configurations are assigned to all five inactive stereoisomers. 

In recent years, there have been devised several still further methods 
which permit the most nearly conclusive assignments of configuration 
that are now possible. One such method involves the measurement of 
dipole moments. Of the two 1,2-dichloroethylenes, XL, for example, 

CIIC1=CHC1 

XL 


the one with the lower boiling point has zero dipole moment, whereas the 
other has a fairly large moment.^®'^ The former isomer must therefore 
be the trans form, XLI, which clearly can have no positive or negative 

H—C^Cl H—C—Cl 

li II 

Cl—C—H H—C—Cl 

XLI XLII 


end (see Section 1-C), whereas the latter must be the cis form, XLII, 
which doubtless does have a positive and a negative end (at the left and 
right, respectively, of the molecule as represented in configuration XLII). 
This method, although very convincing in those instances in which it 
can be employed, is restricted to fairly simple substances. Even Avith 
maleic and fumaric acids, XV and XVI, for example, it would be inap¬ 
plicable because, on account of the freedom of rotation about the (lar- 
bon-carbon single bonds, the moment of even the trans form need not 
be zero. Thus, although the conformation XLIII corresponds to zero 
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moment, the further one, XLIV, corresponds instead to a finite moment, 
probably with its positive end at the top of the figure as drawn. Since 
the magnitude of the measured moment is an average of the magnitudes 
of those of the various conformations, it cannot be zero. 

In principle, completely unambiguous assignments of configuration 
can be made by methods based upon the diffraction of electrons by 


** J. Errera, Phytik. Z. #7, 764 (1926). 
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gases or of x-rays by crystals.^®^ In the first of these ways, for ex¬ 
ample, the configurations of the 2-butenes, XXIII,and of the 1,2- 
dichloroethylenes, XL (derived in the ways mentioned above) have 
been confirmed. By the x-ray method, moreover, the configuration of 
imr<t5-stilbene, XLV, has likewise been confirmed.^^® (See also pages 

H-C-CeHs 

II 

CoHs—C—H 

XLV 

819, 348.) In practice, however, these two methods are usually re¬ 
stricted to fairly simple molecules. 

In some instances, the assignments of configurations to olefinic cis- 
irans isomers have been made with the aid of spectroscopic data. Thus, 
the Raman spectrum of a cis olefinic hydrocarbon usually contains a 
line (attributed to a vibration which is largely a stretching and con¬ 
tracting of the carbon-carbon double bond) at about 1658 cm~^; whereas 
that of the corresponding trans isomer usually contains instead a line at 
about 1074 cm~^ m-5-Decene, XLVI, and ^ran6*-5-decene, XLVll, 

CH3—(CH2)3—C—II H—C—(CH2)3—CH3 

II II 

CH 3 —(CH 2 ) 3 —C—11 CH 3 —(CH 2 ) 3 —c—H 

XLVI XLVir 

have, for example, been distinguished in this manner.®^ A different 
spectroscopic procedure is based upon a comparison of infrared and 
Raman spectra. Thus, with the two 1,2-dichloroethylenes, XLI and 

H—C—Cl H—G-Cl 

II II 

Gl—C—H H—C—Cl 

XLI XLII 

XLII, the infrared and Raman spectra of one isomer contain lines with 
the same frequency, whereas the corresponding spectra of the other 

See, for example, L. O. Brockway, Rev, Modem Phys, 8 , 231 (1936); L. O. Brockway 
in A. Weissberger, Physical Methods of Organic Chemistry^ Interscience Publishers, New 
York, Volume I, 1945, Chapter XV. 

See, for example, R. W. G. Wyckoff, The Structure of Crystals, Chemical Catalog 
Company, New York, 1931; W. H. Zachariasen, The Theory of X^Ray Diffraction in 
Crystals, John Wiley and Sons, New York, 1946; I. Fankuchen iu A. Weissberger, Physical 
Methods of Organic Chemistry, Interscience Publishers, New York, Volume I, 1945, Chap¬ 
ter XIV. 

^ L. O. Brockway and P. C. Cross, /. Am. Chem. Soc. 58, 2407 (1936). 

»®» L. O. Brockway, J. Y. Beach, and L. Pauling, /. Am. Chem. Soc. 57, 2693 (1936). 

J, M, Robertson and I, Woodward, Proc. Roy. Soc. (London) A168, 668 (1937). 
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isomer contain no such coincidences.^^^ Since (for theoretical reasons 
which cannot be explained here) such coincidences are impossible with 
molecules which have centers of symmetry (see Section 5*8), it follows 
that the isomer which shows the coincidences must have the cis con¬ 
figuration, XLII, whereas the other isomer must have the trans con¬ 
figuration, XLL This assignment of configurations is supported by still 
further spectroscopic evidence,the nature of which need not here be 
further discussed; moreover, it is in agreement with the assignments 
made by the nonspectroscopic methods described above. 

Cf. G. Ilerzberg, Infrared and Raman Spectra of Polyatomic Molecules, D. Van Nos¬ 
trand Company, New York, 1945, page 330. 
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The Configuration and the Stereochemistry 
of Elements Other Than Carbon 


8*1 Introduction. The fundamental principles that are essential 
to the understanding of the stcireochemistry of the elements other than 
carbon differ in no significant respect from those that are essential to 
the understanding of the stereochemistry of carbon itself. Since these 
principles have been described in considerable detail in the preceding 
chapters, they need not here be discussed further. 

8*2 Amines. From the stereochemical point of view, nitrogen is 
second in importance only to carbon. Of the numerous compounds, of 
various types, which this element forms, those in which the nitrogen is 
trivalent are of most interest on account of their great number, and also 
on account of the relatively large amount of information available con¬ 
cerning them. The compounds of nitrogen in which each nitrogen atom 
forms three single bonds will be discussed in this section; the further 
compounds in which each nitrogen atom forms one single bond and one 
double bond will be discussed in following sections. 

Ammonia NH 3 may be considered the simplest amine. In a molecule 
of this substance, the three hydrogen atoms are thought to be completely 
equivalent to one another since, with a given substituent atom or group 
R, no more than one derivative, NJT 2 R, has ever been encountered. 
(See the analogous discussion of the equivalence of the four hydrogen 
atoms in methane, pages 161 ff.) Only two geometrical arrangements 
of the atoms are therefore possible. These are the planar arrangement, 
I, in which the hydrogen and nitrogen atoms are, respectively, at the 
comers and at the center of an equilateral triangle; and the pyramidal 
arrangement, II, in which the hydrogen and nitrogen atoms are, re¬ 
spectively, at the corners of the base and at the apex of a triangular 



I II 

pyramid. In diagrams I and II, the dotted, heavy, and broken lines 
have the same meanings as in the preceding chapters. 

329 
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It is natural to suppose that a decision between the planar and py¬ 
ramidal models of ammonia could be reached from a study of the isom¬ 
erism and of the properties of suitably substituted derivatives. If the 
planar model is correct, a substance with the structure NRQT and the 
configuration III should be optically inactive, whether the atoms or 
groups R, Q, and T are identical or different, since the plane of the mole¬ 
cule is a plane of symmetry. On the other hand, if the pyramidal model 
is correct, a substance with this same structure, but with the con¬ 
figuration IV, should be optically active when no two of the atoms or 



m rv 7 


groups R, Q, and T are identical, since the molecule of such a substance 
would not be superposable on its mirror image, V. Many independent 
attempts have been made to find an optically active substance of this 
type (in which, of course, no one of the substituent groups R, Q, or T is 
itself dissymmetric). In the compounds which have been prepared and 
tested, the substituents R, Q, and T have been alkyl groups, aryl groups, 
acyl groups, or single atoms. Moreover, in these experiments, the groups 
that are joined to the nitrogen atom have been allowed to be independent 
of one another, or they have been joined together so as to form rings, or 
combinations of rings, of various types. In spite of these varied and 
ingenious attempts, however, no example of an optically active com¬ 
pound NRQT has been found, unless at least one of the substituents 
R, Q, and T is itself dissymmetric.^ (However, see ''Troger^s base,” X, 
below.) 

In view of the foregoing evidence, the nitrogen atom in ammonia ap¬ 
pears to be planar, as in the configuration I. Nevertheless, this molecule 
is now generally considered instead to be pyramidal, as in the configura¬ 
tion II. The nonexistence of stereoisomeric substances with configura¬ 
tions like IV and V is explained as the result of an extremely easy inter¬ 
conversion. Since the planar configuration, III, probably is somewhat 
less stable than the pyramidal ones, IV and V, most molecules at any one 
time are doubtless pyramidal; nevertheless, the difference in stability is 
probably not so great but that an appreciable fraction of the molecules 
have enough energy at any one time to achieve the planar configuration. 
The transition between the enantiomorphic forms IV and V is accord- 

^ For a survey of these attempts, see R. L. Shriner, R. Adams, and C. S. Marvel in H, 
Gilman, Organic Chemia^, John Wiley and Sons, New York, 1st ed., 1938, Volume I, 
pages 328 ft., 2nd ed., 1943, Volume I, pages 402 ff. 






Sec.8-2 


Amines 


.331 


ingly interpreted as proceeding through the planar intermediate III, in 
the manner shown by the equation 8-1. The assumed intermediate III 
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Q R T 


IV 


0—N—T 


III 


Q R T 

\i/ 
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( 8 . 1 ) 


is (jlearly symmetri(;al; hence it has equal probabilities of returning to 
either of the two enantiomorphic forms IV and V. The racemization is 
therefore rapid and complete. The close analogy between this mech¬ 
anism for the racemization of amines and the one proposed by Werner 
(see pages 251 ff.) for the racemization of carbon compounds should 
be too obvious to require comment. (For ease of visualization, the con¬ 
figurations III and V are represented in equation 8-1 in a form that is 
different from the one originally employed on page 330. It is readily 
verified, however, that in each instance the two superficially different 
representations are actually equivalent.) 

The evidence leading to the above interpretation of the data comes 
from several sources. In the first place, the belief that the normal states 
of ammonia and of its derivatives are pyramidal rather than planar is 
supported by the fact that these substances have dipole moments. The 
pyramidal configuration of ammonia, II, for example, has a positive and 
a negative end (presumably at the bottom and top, respectively, of the 
diagram as drawn), whereas the planar configuration, I, has neither. 
Consequently, only the former configuration is in agreement with the 
observed nonvanishing moment of the substance.^ (Cf. page 10.) The 
situations with all other substances with the general formula NQRT, for 
which data are available,® are similar and can be interpreted in the same 
way. Moreover, with trimethylamine, VI, the pyramidal configuration 
has been confirmed by an electron-diffraction investigation of the gaseous 
substance.^ Finally, there exist numerous substances, such as quinu- 
clidine, VII, and hexamethylenetetramine, VIII, in which the nitrogen 
atoms must be rigidly held, by the respective complex ring systems, in 


(CH,),N 


VI 




* H. E. Watson, Proc. Roy, Soc, (London) A117, 43 (1927). 

^ Cf. the table of dipole moments given in an appendix in Trans, Faraday Soc, 30 (1934) 
^ L. O. Brockway and H. O. Jenkins, J. Am, Chem, Soc. 68, 2036 (1936). 
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the pyramidal configurations; with hexamethylenetetramine, in fact, 
the pyramidal configuration has been confirmed by x-ray analyses of the 
crystal structure of the solid ^ and also by electron-diffraction investiga¬ 
tions of the gaseous substance.® 

The most conclusive evidence regarding the configuration of ammonia 
itself has been obtained from a spectroscopic study. In this way, it has 
been shown that the nitrogen atom in this substance is indeed pyram¬ 
idal.^ The value of the three equal H—N—H angles in the normal mole¬ 
cule is about 107° (as compared with the value of 120° characteristic of 
the planar model); the planar configuration is less stable than the py¬ 
ramidal one by about 0 kcal per mole. Although the extent to which 
these numerical values are applicable also to derivatives of ammonia is. 
not known with certainty in all instances, there is no reason to doubt that 
these other substaiujes are at least qualitatively analogous to ammonia. 
In trimethylamine, for example, the C—N—C angle is reported ^ to be 
108° do 4°. 

Before the discussion of the stereochemistry of the amines is concluded, 
mention should be made of the fact that one diamine has been obtained 
in optically active form.® The substance in question is the one known as 
Troger^s base. It is prepared by the action of formaldehyde upon p- 
toluidine, IX, and its structure is believed to be X. In this structure. 



IX X 


each of the two nitrogen atoms is held more or less rigidly by the ring 
system in a pyramidal configuration (cf. quinuclidine, VII, and hexa¬ 
methylenetetramine, VIII, above); moreover, each nitrogen atom is 
joined to three different substituents. It is easily verified that the mole¬ 
cule X is dissymmetric, and that racemization by the method outlined 
above is geometrically impossible. In accordance with expectation, the 
substance has been resolved (by adsorption on (+)-lactose from chloro¬ 
form solution). It may nevertheless be observed that the original state¬ 
ment (see above) that no substance with structure NQRT has ever been 
obtained in optically active form is still correct, since Troger^s base, with 

*R. W. G. Wyckoff and R. B. Corey, Z. Kriat, 89, 462 (1934). 

®G. C. Hampsou and A. J. Stosick, J, Am. Chem. Soc. 60, 1814 (1938); V. Schomaker 
and P. A. Schaffer, Jr., ibid, 69, 1655 (1947); P. A. Schaffer, Jr., ibid, 69, 1657 (1947). 

^ D. M. Dennison, Rev. Modem Phya. 12, 176 (1940). 

* V. Prelog and P. Wieland, Hdv. Chim, Acta 27, 1127 (1944). 
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its two equivalent nitrogen atoms, does not have exactly the type of 
structure specified. To be sure, if one of the nitrogen atoms were re¬ 
placed by, for example, a CH group, the resulting (actually unknown) 
substance would then contain only one nitrogen atom, and it should still 
be optically active (or, at any rate, resolvable); it would not, however, 
satisfy the stated conditions, since it would contain an asymmetric car¬ 
bon atom. The question whether its activity is due to the nitrogen 
atom or to the carbon atom would be meaningless. 

The nitrogen atom in the ammonia molc(;ulc (or in any other moleeule of similar 
type) is frequently described as tetrahedral rather than as pyramidal. This alterna¬ 
tive description can be justified in cither of two indiipendent ways. In the fiist 
place, the word ''tetrahedron'^ is merely another name for a triangular pyramid 
(cf. the paragraph in fine print on page 104); in the st‘.(;ond place, the nitrogen atom 
under discussion has an unshared pair of el(u*.trons which, in at least a formal stniae, 
can be regarded as a substituenti occupying the fourth corner of a t(?trahedron about 
the nitrogen atom as cenkir. Nevertheless, the terminology introduced in the pre¬ 
ceding paragraphs of this section is employi'd throughout tliis book, since, as has 
already Ixien iioUhI (page 104), it is desirable to distinguish the pyramidal configura¬ 
tion, with the multivalent atom at an apex, from the tetrahedral (jonfiguration, 
with the multivalent atom at the center; and since, moreover, it is desirable also to 
distinguish a real substituent, such as a hydrogen atom or an alkyl group, from 
merely a pair of electrons. 

8*3 The Isomerism of the Oximes. An aldehyde or ketone with 
structure RTC=0, when treated with hydroxylamine NH 2 OH, gives 
only a single oxime RTC)=NOH if the atoms or groups R and T are 
identical, but frequently it gives two isomeric oximes if R and T are 
different.® In the past, a number of attempts have been made to ex¬ 
plain this isomerism with the assumption that the two isomers derived 
from any given aldehyde or ketone differ in structure. As will be shown 
below, however, all these attempts have been unsuccessful. 

One such attempt was based upon the postulate that the two isomers 
have the structures I and II. Two arguments can however be advanced 

R 

\ 

C==N—OH 

/ 

T 

I 

against this explanation. In the first place, there is no obvious reason 
why, if this interpretation is correct, the isomerism should be limited to 

• H.’’Goldschmidt, Ber. 16, 2176 (1883); K. Auwors and V. Meyer, ibid. 22, 705 (1889); 
E. Beckmann, ibid. 22, 1631 (1889). 

Cf. N. V. Sidgwick, T. W, J. Taylor, and W. Baker, The Organic Chemistry of Nitrogen^ 
Oxford University Press, Oxford, 1937, pages 175 ff. 
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those oximes in which R and T represent different atoms or groups, since 
the structures I and II are not equivalent to each other even if R and T 
are identical. In the second place, a substance with the structure II 
should be capable of optical activity whenever R and T are different, 
even though neither of these substituents may itself be dissymmetric. 
However, no examples of such optical activity have ever been en¬ 
countered. 

A second attempted explanation of the isomerism of the oximes is that 
one form has the structure I, whereas the other is instead a nitroso com¬ 
pound with structure III. This assumption, like the preceding one, 

R 

\ 

CH—N=0 

/ 

T 

III 

fails, however, to account for the necessity that the atoms or groups R 
and T be different, and it leads to the incorrect prediction that one of 
the two forms. III, should be optically active when the substituents R 
and T are different (and neither is a hydrogen atom). Moreover, it is 
not in agreement with the observed properties of the substances. Com¬ 
pounds in which nitroso groups (—N==0) are joined directly to carbon 
atoms, as in structure III, have a bluish green color, and they undergo 
spontaneous transformations into colorless dimeric forms. Neither of 
the two isomeric oximes of any ordinary aldehyde or ketone, however, 
shows such behavior; oximes are usually colorless and monomeric, and 
they do not dimerize. A further difficulty \vith this suggested inter¬ 
pretation arises from the fact that the oximes are weakly acidic. The 
anions IV and V, which are derived, respectively, from structures I and 
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\ 

0=N—O 

/ 

T 

IV 

III, differ only in the positions of the electrons, and not in the position 
of ally atom. There are theoretical reasons to believe (see Chapter 10) 
that distinguishable ions differing in this manner cannot exist; but that, 
under such circumstances, there is possible only a single ion with an 
average electronic distribution intermediate between the two extremes. 
Consequently, if the isomeric oximes have structures I and III, their 
salts should be identical. The fact that, contrary to this prediction, the 
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isomerism of the oximes is retained in the salts shows therefore that this 
second interpretation of the isomerism is also unsatisfactory. Moreover, 
the same conclusion follows in still another way. The 0-methyl deriv¬ 
atives of the oximes exhibit an isomerism which appears to be completely 
analogous to that of the oximes themselves. Since each form of the O- 
methyl oxime of, for example, phenyl p-tolyl ketone, VI, gives on hy- 
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drolysis the parent ketone, VI, and 0-methylhydroxylamine, VII, the 
methyl group in each of the original molecules must be linked to an 
oxygen atom. Conseipiently, the isomerism of the 0-methyl oximes 
ca 4 not be explained by the assumption that the two substances have 
structures VIII and IX (analogous to I and III, respectively, for the un¬ 
substituted oxime), in fact, the conclusion seems unavoidable that each 
form of the 0-methyl oxime must have structure VIII, since no other 
reasonable structure can be drawn for either form. If it is admitted that 
the two 0-methyl oximes therefore have the same structure, it is prac¬ 
tically necessary to suppose that the situation is similar with the oximes 
themselves, and that, therefore, all of these must be describable by the 
single structure I. 

One further unsatisfactory explanation of the isomerism of the oximes 
deserves brief mention before the now-accepted views are described. 
The assumption might be made that one of the isomeric forms has the 
structure I whereas the other has instead structure X. This assumption 
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has almost aU the defects of the preceding ones (except that it does not 
predict optical activity). Thus, it fails to account for the requirement 
that the two atoms or groups R and T be different whenever isomerism 
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occurs; it is inconsistent with the existence of isomeric salts; and it can¬ 
not explain the existence of two isomeric 0-methyl derivatives. Al¬ 
though, for these reasons, the structure X cannot be accepted as correct 
for either of the two forms of the oxime, there is nevertheless evidence 
that tautomerism occurs between structures I and X. (Cf. Section 14 • 9.) 
Thus, when an oxime RTC—NOH is treated with methyl sulfate and 
sodium hydroxide, a mixture of the 0 -methyl derivative, XI, and the 
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N-methyl derivative, XTT, results. That the methyl group is attached 
to the nitrogen atom in the latter compound is shown by the fact that 
hydrolysis leads to the original aldehyde or ketone RTC=0 plus N- 
methylhydroxylamine, XIll. Since each form of the oxime gives its own 

C0H5 
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C=0 

P-O 2 N—C 6 H 4 '^ 

XIV 


CH 3 — NH—OH 

XIII 


N-methyl, as well as its own 0 -methyl, derivative, it follows that al¬ 
together four methyl derivatives (two N-methyl and two 0 -methyl) 
should be obtainable from any oxime RTC=NOH in which R and T are 
different. In a few instances, all four forms are kno^vn; this is true, for 
example, with the methyl derivatives derived from phenyl p-tolyl 
ketone,VI, and from phenyl 2 >nitrophenyl ketone,XIV. It should 
be noted that it is as impossible to obtain a structural interpretation of 
these isomeric N-methyl oximes as it is to obtain one of the correspond¬ 
ing 0-methyl derivatives discussed above. (For further discussion of 
the topics considered in this paragraph, see Sections 8*6 and 14-9.) 

Since, on the basis of the above evidence, the isomeric oximes appear 
to have identical structures, the only reasonable explanation of the isom¬ 
erism is that the substances in question are stereoisomers of one another. 
This interpretation was first suggested in 1890 by Hantzsch and Wer¬ 
ner,who postulated that the two isomers have the configurations XV 

^ L. Semper and L. Lichtenstadt, Ber. 51, 928 (1918). 

^ O. L. Brady and R. P. Mehta. J. Chem. Soc. 125 , 2297 (1924); L. E. Sutton and T. W. 
J. Taylor, ibid. 1931 , 2190. 

A. Hantzsch and A. Werner, Ber, 23 , 11 (1890); A, Hantzsch, ibid. 24 , 13 (1891). 
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and XVI. The situation envisaged by these authors, and now generally 
accepted by all chemists, is tlierefore analogous to the one discussed pre¬ 
viously in connection with the ethylenic stereoisomers like maleic and 
fumaric acids. The only significant differencie between the two classes of 
compound is that the nitrogen atom of an oxime is trivalcnt and so forms 
only one single bond in addition to the double bond, whereas the cor¬ 
responding carbon atom of an ethylenic compound is quadrivalent and 
so forms two such single bonds. Frequently, however, the statement is 
made that the unshared pair of electrons on the nitrogen atom in an 
oxime can be regarded as equivalent to a fourth valence bond or to an 
additional substituent. (Cf. the paragraph in fine print at the end of 
Section 8-2.) 

The most conclusive evidence that can be brought forward in support 
of Hantzsch and Werner’s stereochemical interpretation of the isom¬ 
erism of the oximes is derived from a study of the oximes of certain 
cyclic ketones. Cyclohcxanone~4-carboxylic acid, XVII, for example, 


H Clla—CH2 

1/ \ 

c c=o 

1\ / 

II02G CH2—CH2 

XVII 


Clla—CH 2 OH 

/ \ I 

>C 0=N 

HOoCr \ 


/ 

CH2—CH2 

XVIII 


CH 2 —CH 2 

Hs, / \ 

>C C=N 

H020^ \ / I 

GHz—CHa OH 

XIX 


has been found to form two oximes, which are enantiomorphs of each 
other, and which can accordingly be represented only as XVIII and XIX. 
(Cf. Section 6-11.) There is in fact no reasonable alternative way of 
explaining the optical activities of these substances; at any rate, no one 
of the varieties of structural isomerism considered above is consistent 
with the observed activities. It appears necessary, therefore, to con¬ 
sider that the isomerism of the enantiomorphic oximes of cyclohexanone- 
4 -carboxylic acid, XVII, is due to a steric difference of exactly the sort 
postulate by Hantzsch and Werner. It would accordingly be most 
extraordinary if the isomerism of the remaining oximes as well were not 
due to a similar cause. 
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8*4 Methods for Determining the Configurations of the 
Oximes. In the naming of the stereoisomeric oximes, the prefixes cis 
and tranSf employed with the ethylenic compounds, are usually replaced 
by syn (Greek crw, with) and anti (Greek avrt, against), respectively. 
Thus, the configuration I is that of si/n-benzaldoxime, whereas the con- 

CeHs—C—H CeHs—C—H C0H5—C—C6H4—CH3 

II II II 

N—OH HO—N HO—N 

I II III 

figuration II is that of an/^-benzaldoxime. It is to be observcjd that a 
.st/n-aldoxime is one in which the aldehydic hydrogen atom is on the same 
side of the double bond as the hydroxyl group (i.e., is syn with respect 
to it), and that an an/i-aldoxime is one in which the hydrogen atom is 
on the opposite side of the double bond from the hydroxyl group (i.e., 
is aJiti with respect to it). The nomenclature of the ketoximes can be 
illustrated by a single example; the oxime with the configuration III 
may be called either 62 /n-phenyltolylketoxime or a/i/i-tolylphenyl- 
ketoxime. 

The methods by which the configurations of the isomeric oximes are 
established depend upon the natures of the oximes. With aldoximeSy the 
reactions by which the substances are dehydrated to nitriles (equation 
8-2) are most commonly employed. With a reagent like phosphorus 

RCn=NOII RCN + H2O (8-2) 

trichloride, phosphorus pentac^hloride, or warm acetic anhydride, both 
isomeric forms usually undergo this reaction with ease. Under more 
mild conditions, however, the two forms may behave differently; this 
fact can then be used in the determination of configuration.^^ The usual 
procedure involves, first, the treatment of the oxime with cold acetic 
anhydride, and then the treatment of the resulting acetyl derivative 
with sodium carbonate. One of the two isomeric oximes derived from a 
given aldehyde ordinarily follows the sequence of reactions 8*3, whereas 

RCH=NOH RCH=N0-C0-CH3 RCN (8-3) 

the second ordinarily follows the different sequence 8 • 4. The first oxime 

RCH=N0H RCH=NO—CO—CH 3 

RCH=NOH (8 -4) 

is accordingly dehydrated to the nitrile in the process, whereas the other 
is regenerated Unchanged. Originally, it was believed that the oxime 
which gives the nitrile in this way has the syn configuration, IV, in which 
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R—C—H R—C—H 

II II 

N—OH HO~N 

IV V 

the hydrogen atom and hydroxyl group that are lost in the process are 
as close to one another as possible; and, conversely, that the oxime which 
is reigenerated unchanged has the anti configuration, V. Evidently, 
therefore, if this belief is correct, the configurations of the oximes can 
easily be determined, since it need only be observed which of the two 
isomers follows each of the above sequences of reactions. 

At the present time, it is considered that the anti^ and not the syn^ 
aldoxime is the one which is dehydrated the more easily, and that, ac¬ 
cordingly, all configurations assigned in the manner just outlined are the 
exact opposites of the correct ones. The evidence supporting this belief 
is of the following nature.'^ From 2-chloro-5-nitrobenzaldehyde, VI, for 



0 


VI VII 

example, the usual pair of isomeric oximes can be obtained. Of these two 
substances, one reacts readily with sodium hydroxide to lose a hydrogen 
and a chlorine atom, and to give a product which can possess only the 
stru(!ture and configuration VII. The second oxime, on the other hand, 
reacts much more sluggishly with so<lium hydroxide; apparently, it 
slowly undergoes a rearrangement into the first isomeric form, which 
then reacts readily as before. The product is of course again the same 
substance VII. Now, since the nitrogen atom of the oxime group is not 
involved in the reaction with the sodium hydroxide, there is no reason 
to suppose that its configuration is altered in the process. Consequently, 
the oxime which reacts the more readily must be presumed to have the 
anti configuration, VIII; whereas the second oxime, which reacts slug¬ 
gishly, must be presumed to have the syn configuration, IX. Thus, the 
configurations can be assigned to the two forms, by an apparently un¬ 
ambiguous method, without reference to the transformation of either 
into a nitrile. Now, when these oximes are subjected to the above treat¬ 
ment with first acetic anhydride and then sodium carbonate, the anti 
compound, VIII, is foimd to be the one which is dehydrated, and the 
syn compound, IX, is found to be the one which is regenerated un¬ 
changed. All the reactions involved are shown in the equations 8-5. If 

« O. L. Brady and G. Bishop, J, Chem. Soc, 127, 1357 (1925). 



340 Stereochemistry of Elements Other Than Carbon Sec, 8*4 



( 8 - 5 ) 


all remaining pairs of isomeric aldoximos (^an be considered to behave in 
this same manner, then the original method (employed for the determina¬ 
tion of configuration can still be used; the conclusions reached must be, 
however, the exact opposites of those reached by the earlier investi¬ 
gators. 

The configurations of the keioximes cannot be determined by the same 
method that was described above for the aldoximcs, since the former 
compounds cannot be transformed into nitriles by dehydration. The 
method originally introduced by Hantzsch (and the one still most 
generally used) makes use instead of the so-called Beckmann rearrange¬ 
ment}^ When a ketoxime is treated with any one of a variety of re¬ 
agents (of which only phosphorus pentachloride, acetyl chloride, and 
sulfuric acid need be mentioned here), it is converted into a substituted 
amide, as in equation 8 • 6. If the two radicals attached to the carbon 

R2C==NOir R—CO—NHR (8 0) 


atom of the C=NOII group are different, there is a possibility that the 
reaction might follow either one of the two independent courses shown 
in equations 8 • 7 and 8 • 8, and hence that it might lead to two structurally 

RTC=NOH R—CO—NHT (8 -7) 

RTC=NOH T—CO—NHR (8*8) 

isomeric amides. In general, under these circumstances, one of the two 
stereoisomeric oximes is found to react predominantly in accordance 

Beqkmann, Ber. 19, 988 (1886): 90, 1607, 2580 (1887); M, 514 (1889). 
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with one of these equations, whereas the other oxime reacts predom¬ 
inantly in accordance with the other equation. 

Without attempting to describe the actual mechanism of the reaction 
(see, however, Chapter 12), one can imagine that the Beckmann re¬ 
arrangement proceeds in the following steps. First, the hydroxyl group 
and one of the radicals that are joined to the carbon atom of the C=N— 
OH group exchange places; and second, the thus resulting lactim form 
of the amide goes over spontaneously into the stable lactam form. (Cf. 
Section 14-9.) The postulated steps are shown in equation 8*9. 

R2C^=N0H R—C(OH)=NR R—CO—NIIR (8*9) 

Originally, it was assumed that the group which migrates from a 
carbon to a nitrogen atom is the one which, in the oxime, is syn with re- 
spec^t to the hydroxyl group; indeed, it was considered obvious that the 
groups which exchange places must thus be close to one another in space. 
If this assumption is correct, the configurations of the two isomeric 
ketoximes can easily be established in the manner illustrated by equa¬ 
tions 8*10 and 8-11. For, as soon as the acid and the amine that are 

R—C—T R—C=0 

II 1 RCO 2 II + TNlIa (8-10) 

N—OH NHT 

X XI 

R.—C—T 0=-C-T 

l| -> I TCO 2 H + RNH 2 (8*11) 

HO-N RHN 

XII XIII 

obtained by hydrolysis of the amide have been identified, both the struc¬ 
ture of the amide and the configuration of the original oxime are uniquely 
determined. 

At the present time, however, it is believed that, in the Beckmann re¬ 
arrangement, the two groups which exchange places are not syn, but 
anti, with respect to each other; and, accordingly, that the original as¬ 
signments of configuration to the ket/oximes are exactly reversed. That 
is to say, it is now believed that the equations 8 • 10 and 8*11 are in¬ 
correct, and that the rearrangements should instead be written as in 
equations 8-12 and 8-13. Consequently, the oxime which leads ulti- 

R—C—T 0=C—T 

II I TCO 2 H + RNH 2 (8*12) 

N—OH NHR 

X XIII 
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R—C—T R—C=0 

II I ~^RC02H + TNH2 (8-13) 

HO—N NHT 

XII XI 


mately to the acid RCO 2 H and the amine TNII 2 is the one with the con¬ 
figuration XII and not, as was originally believed, the one with the con¬ 
figuration X. 

The first experimental evidence suggesting that the earlier assumption 
of an interchange of syn groups was incorrect was obtained in 1921 by 
Meisenheimer in an investigation of the ozonization of triphenyl- 
isoxazole, XIV. (Equation 8*14.) The product of this reaction is the 


C 6 H 5 --C- 


C—Cella CeHs—0 

O 3 


-C—C6H5 1 
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V 

XIV 


CcHe—C—C-=0 

d NH—CeHs 

XVII 


O Cells—C(>-o—: 

XV 
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PCU 


Cells—t 


TcrH 6COC1 
1 + NaOU 

-C-Cells 


(!) HO—ll 


(8-14) 


XVI 


benzoyl derivative of benzil /3-monoxime; its preparation from the cyclic 
compound XIV shows that its configuration must be XV. The benzil 
/3-monoxime, of which the compound XV is a derivative, and which must 
therefore have the configuration XVI, is transformed by the action of 
phosphorus pentachloride into the anilide, XVII, of phenylglyoxylic 
acid. The groups that exchange places in this rearrangement are ac¬ 
cordingly anti with respect to each other. A similar conclusion was 
reached a few years later by Kohler,^^ who found that the ozonization 
of 3,4-diphenylisoxazole-5-carboxylic acid, XVIII, gives benzil /3- 

CeHs—C-C—Cells 

il li 

IIO 2 C—C N 

\ / 

O 

XVIII 


monoxime, so that once more this latter substance is found to have the 
configuration XVI. 

Additional evidence supporting the belief that, in a Beckmann re¬ 
arrangement, the hydroxyl group of the oxime interchanges positions 

J. Meisenheimer, Ber, 64, 3206 (1921). 

E. P. Kohler, J, Am, Chem. Soc. 46 , 1733 (1924). 

J. Meisenheimer, P. Ziminermann, and U. v. Kuinmer, Ann, 446 , 205 (1925). 
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with the radical anti to it can be derived from the reactions indicated by 
the equations 8*15 and 8 - 10 . As with the closely similar aldoximes con- 


O 2 N, 



Naon 02N( 


NaOII 

no reaction <- 


0 


'Br HO- 
XIX 


-c-cqis H2SO4 

II -> no reaction (8 • 15) 


V- 

Il — 

jUr N—OH 

XX 


CIIs 

02N|/NnH—CO (8-16) 
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!Br 

XXII 


sidered above, the configurations of the ketoximes, XIX and XX, are 
established by the fact that the former substance reacts with sodium 
hydroxide to give the cyclic product, XXT, whereas the latter does not. 
Although one of the oximes, XIX, does not undergo the Beckmann re¬ 
arrangement, the other one, XX, gives the amide XXII by the exchange 
of anti groups. 

Still further evidence supporting the anti shift in the Beckmann re¬ 
arrangement makes use of a principle not heretofore employed. Of the 
two stereoisomeric oximes XXIII and XXIV, one is the ester of an acid 
which has been found to be resolvable (although its optically active 
forms arc raccmized with extreme ease). The only reasonable explana¬ 
tion of the resolvability of this acid is that, in its molecule, there is a 
restriction of rotation about the single bond which joins the —C(CH 3 )= 
NOH group to the naphthalene ring. (See Section 6-13.) Now, of the 
two configurations XXIII and XXIV, the former is clearly the one with 
the greater hindrance to rotation about the bond in question; conse¬ 
quently, this configuration must correspond to that of the resolvable 
acid, whereas the remaining configuration, XXIV, must correspond to 
that of the remaining, nonresolvable acid. Since the products of the 
Beckmann rearrangements (equations 8*17 and 8*18) of the two stereo- 

H 3 C N O 

\ / \ \ 

C OH C—NHCH3 

(8-17) 


XXIII XXV 

J. Meisonheimer, W. Theilacker, and O. Beisswenger, Ann. 496, 249 (1932). 
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HN—CO—CII3 ( 8 - 18 ) 


XXIV 


00202115 


XXVI 


'co^cyir, 


isomeric esters are respectively, the two amides XXV and XXVI, the 
exchange of radicals is again seen in each instance to be anti. 

Frequently, it is not possible to isolate the expected isomeric oximes, 
even though the atoms or groups attached to the carbon atom of tlic 
C=NOH group are different. Under such circumstances, one form may 
be too unstable to exist; more probably, the two forms may be so easily 
interconvertible that they cannot be separated. Only a single form of 
methyl-n-propylketoximc, XXVII, for example, is known. When this 
compound is subjected to the Beckmann rearrangement (equation 8 * 19), 


CII3 

\ 

C 

CH3—CH2— 

XXVII 


CII3C0—NIICII2CH2CH3 

XXVIII 


PCU. 


=N01I< 


(8.19) 


. PCU 


CH 3 CH 2 CH 2 CO—NHCH 3 

XXIX 


it gives a mixture of the two possible amides, XXVIII and XXIX; it is, 
therefore, possibly a mixture of the respective stereoisomers, XXX and 


XXXL 


CH3—C—CH2CH2CH3 


HO—N 


XXX 


CHg—C— CH2CH2CH3 

II 

N—OH 

XXXI 


8*5 Interconversion of Stereoisomeric Oximes. The intercon- 
version of stereoisomeric oximes can be brought about in several dif¬ 
ferent ways.^® With some substances, the isomerization occurs spon- 

*°See, for example, G. Wittig, Stereochemie, Akademische Verlagsgeeellschaft, Leipzig. 
1930, pages 195 ff.; J. Meisenheimer and W. Theilacker in K. Freudenberg, Stereochemie 
Franz Deuticke, Leipzig and Vienna, 1933, pages 984 ff., 1030 ff. 
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Analogs of the Oximes 

taneously; thus, the above-mentioned methyl-n-propylketoximes (struc¬ 
tures XXX and XXXI of Section 8 • 4) probably undergo such a reac¬ 
tion. With other substances, however, the transformation occurs only 
at a high temperature; sy/i-phenyl-p-hydroxyphenylketoxime, I, for ex- 


z>s 

_ OH 

I II 

ample, is converted at its melting point of 81 °C into its more stable iso¬ 
mer, II. Even when both isomers can be isolated, a partial inter¬ 
conversion frequently occurs during the Beckmann rearrangement, so 
that the product contains not only the expected amide but also a small 
amount of the structurally isomeric amide derived from the stereo- 
isomeric oxime; the less stable oxime is especially likely in this way to 
give the amide related to the more stable form. 

A number of reagents have been found to catalyze the transformation 
of the less stable into the more stable form; these include such sub¬ 
stances as hydrogen chloride, lithium chloride, tetramethylammonium 
chloride, bromine, and charcoal with adsorbed oxygen. For example, 
52 /w-phenyl-p-hydroxyphenylketoxime, I, is changed into its isomer, II, 
even at room temperature in the presence of hydrogen chloride. Ultra¬ 
violet light also often produces an interconversion of the isomeric oximes; 
this reaction occurs, for example, with the benzaldoximes, with which the 
syn and anti forms have, respectively, the configurations III and 
(Cf. Section 7-7.) 


CeHg—^OH 
HO—X 


CnH 


r-c/ 
II \ 


N— 


CcHs-C-H 


N—on 


III 


CeHs—C—H 
HO—N 


IV 


8*6 Analogs of the Oximes. In several other types of compound 
besides the oximes, a nitrogen atom takes part in a double bond. With 
such other compounds, as with the oximes themselves, stereoisomerism 
is frequently encountered. 

As has already been mentioned (see pages 335 f.), alkyl derivatives 
of the oximes may exist in stereoisomeric, as well as in structurally iso¬ 
meric, forms. The two 0-methyl derivatives of, for example, the phenyl- 
p-nitrophenylketoximes, I and II, can be represented by the configura- 

^ O. L. Brady and G. P. McHugh, J, Chem, Soc, 185, 547 (1924). 
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XII. Up to the present time, however, the stereoisomerism of the com¬ 
pounds of these several types has received comparatively little at¬ 
tention. In fact, only with ethylbenzhydroximic acid, XII, and its 
analogs, is any information available in regard to the configurations of 
the isomers. Thus, when one of the two (compounds corresponding to 
stnicture XII is treated with phosphorus pentachloride, it is trans¬ 
formed into N-phenylurethan, XIII; since this reaction appears to be 


Cells—NH—CO—OC 2 H 5 

XIII 


CeHs—C—O—Calls 

II 

N—on 

XIV 


CeHs—C—O—Calls 

il 

HO—N 


XV 


merely a special type of licckmann rearrangement (Section 8-4), the 
isomer in question can be presumed to have the configuration XIV. 
The second isomer, on the other hand, undergoes no comparable re¬ 
action, but is instead converted (without rearrangement) into a deriv¬ 
ative of phosphoric acid; this isomer must, therefore, have the remaining 
configuration, XV. 

Nitrogen-nitrogen, as well as nitrogen-carbon, double bonds have 
been found to permit stereoisomerism. The most clearly established 

«I. V. Hopper, J. Chm, Soc, 127, 1282 (1925), 
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example of this additional type of stereoisomerism is given by azoben¬ 
zene, which exists in both syn and anti forms, XVI and XVII, respec- 

CoITs—N CeHs-N 

II II 

Cells—N N—Cells 

XVI XVII 


tively.^^ Of these two substances, the anti form, XVII, is the more 
stable, but the syn form, XVI, can be made from it by the action of 
light. From a study of the temperature-dependence of the rate of the 
thermal interconversion of the syn into the anti form, the conclusion has 
been reached that only those molecules which have an energy at least 
23 kcal per mole higher than the average are able to make the transition. 
(Cf. Section 6*6.) The configurations of the two azobenzenes have been 
definitely established in two different ways. In the first place, the crystal 
structure of each form has been completely analyzed.^® In the second 
place, the syn form, XVI, must have a fairly large dipole moment, since 
it has a positive and a negative end (at the left and right, respectively, 
of diagram XVI); on the other hand, the anti form, XVII, must instead 
have zero dipole moment since it can have neither a positive nor a 
negative end. In agreement with expectation, the isomer which has 
been shown by the study of its crystal structure to be syn has a dipole 
moment of 3.0 D, whereas the one which has been sho\vn in the same way 
to be anti has a vanishingly small dipole moment.^^ 

The azoxybenzenes, like the azobenzenes, exist as separable syn and 
anti forms. Azoxybenzene itself, for example, has been obtained in the 
two forms XVIII and XIX. The assignments of configuration to 


CeHs—N 

iU 

CeHfi—N+— 0 - 


XVIII 


CeHs—N 


0“-N+-C6ll6 

XIX 


stereoisomers of this type have been based upon the dipole moments of 
the substances.2^ The anti forms, like XIX, have in general smaller 
moments than do their respective syn isomers. 

The sodium diazotate derived from a given aromatic primary amine 
can exist in two different forms, both of which can in a few instances 

“G. S. Hartley, Nature 140, 281 (1937); /. Ckem, Soc. 1938, 633. 

G. C. Hampson and J. M. Hobertson, J, Chem. Soc, 1941, 409, J. J. de Lange, J. M. 
Robertson, and I. Woodward, Proc, Roy, Soc, (London) A171, 398 (1939). 

^ E. Muller and W. Kreutzmann, Ann, 495,132 (1932); K.-A. Gehrkens and E. Mtiller, 
ibid, 500, 296 (1933). 

“ Cf. N. V. Sidgwick, T. W. J. Taylor, and W. Baker, The Organic Chemistry of Nitrogen, 
Oxford University Press, Oxford, 1937, pages 413 fif. 
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be isolated. The two forms are known as the labile and stable forms, or 
frequently instead as the normal and iso forms, respectively. Hantzsch 
proposed that these substances are stereoisomers differing in their 
configurations about a nitrogen-nitrogen double bond. For the simplest 
member of the series, sodium benzene diazotate, for example, he ac¬ 
cordingly wrote the configurations XX and XXI. He assumed further 

C0H5—N Cells—N 

I! II 

NaO—N N—ONa 

XX XXI 


that the labile (or normal) diazotate possesses the syn configuration, 
XX, whereas the stable (or iso) diazotate possesses the anti configura¬ 
tion, XXI. In spite of the considerable amount of work which has been 
done in the study of the problem, however, the nature of the isomerism 
between these diazotates is still not completely understood. It is in fact 
conceivable that the isomerism in question is structural rather than 
steric. Although the majority of organic chemists have accepted 
Hantzsch’s views as probably correct, a number of others have de¬ 
fended alternative views. Even if the isomerism is of the syn-anti type 
assumed by Hantzsch, there is still a possibility that the assignment of 
the syn and anti configurations to the labile and stable diazotates, re¬ 
spectively, is reversed; there is, in fact, no completely conclusive ex¬ 
perimental evidence either in favor of or opposed to this assignment. 
(However, see the follo^ving paragraph.) 

Similar situations have been encountered with several further pairs 
of substances that are closely related to the above diazotates. For ex¬ 
ample, Hantzsch wrote the configurations XXII and XXIII for the 
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benzene diazohydrates (analogous to XX and XXI, respectively, for 
their salts, the diazotates), XXIV and XXV for the benzene diazo- 
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cyanides,*^ and XXVI and XXVII for the sodium benzene diazo- 


“ A. Hantatech, Ber. 27. 1702 (1894). 

*®See, for example, A. Angeli, Ber, 62, 1924 (1929); H. H. Hodgson and E. Maraden, 
J, Chem. JSoc, 1946, 207. 

» A, Hantasch and O. W. Schultae. Ber. 28, 2073 (1895). 
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sulfonates.®^ As before, he considered that the labile and stable forms of 
each of these further types of compound have, respectively, the syn and 
anti configurations. Although again some authors have maintained 
that the two members of each such pair of substances are structural 
isomers of one another, most organic chemists have accepted Ilantzsch’s 
stereochemical interpretation. In fact, with the diazocyanides, spectro¬ 
scopic ^ and dipole-moment studies have almost conclusively shown 
not only that the isomerism is steric, but also that Hantzsch’s assign¬ 
ment of the syn and anti configurations is correct. Moreover, studies of 
the magnetic optical rotatory powers (Faraday effect, see page 138) 
and of the diamagnetic susceptibilities of several diazocyanides have 
likewise strongly suggested that the isomerism is steric. Although there 
is no equally satisfactory evidence in regard to the remaining substances 
considered in this and the preceding paragraphs, the close resemblance 
of these compounds to the diazocyanides provides strong evidence for 
Hantzsch^s explanation of their isomerism. 

In the oximes and their various analogs discussed above, the trivalent 
nitrogen atoms are found to have sufficient configurational stability to 
permit the isolation of stereoisomeric forms. These substances are there¬ 
fore sharply distinguished from the amines, in which the likewise tri¬ 
valent nitrogen atoms are ordinarily unable to maintain their normal 
pyramidal configurations. No satisfactory theoretical explanation of 
this difference has ever been given. If a carbon-nitrogen or nitrogen- 
nitrogen double bond be considered to constitute a two-membered ring, 
the strain in this ring (cf, Chapter 9) may be responsible for the stability 
of the configuration about the nitrogen atom, or atoms. Attempts have 
accordingly been made to prepare an optically active, ethylenimine, such 
as the one with structure XXVIII,in which the three-membered ring 
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« A. Hantzsch, Ber. 27, 1726 (1894). 

^ For example, see H. H. Hodgson and E. Marsden, J. Chem, Soc, 1943, 470; 1944,395. 

** D. Anderson, R. J. W. Le Ffevre, and J. Savage, J. Chem Soc. 1947, 446; N. Sheppard 
and G. B. B. M. Sutherland, ibid. 1947, 453. Cf. also N. Campbell, Ann. Repta, Progress 
Chem. (Chem. Soc. London) 44, 134 (1947). 

R. J. W. Le F^vre and H. Vine, J. Chem. Soc. 1938,431; see also D, Anderson, R. J. W. 
Le F^vre, and J, Savage, Reference 34, 

D. Anderson, M. E. Bedwell, and R. J. W. Le F^vre, J, Chem, Soc. 1947, 467. 

^ R, Adams and T. L. Cairns, J. Am. Chem. Soc, 61, 2464 (1939); for a list of further un- 
suooessful attempts, see R. L. Schriner, R. Adams, and C. S. Marvel in H, Gilman, Or¬ 
ganic Chemietrp, John Wiley and Sons, New York, 2nd ed., 1943, Volume 1, pages 412 f. 
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also is highly strained. All such attempts, however, have failed; the 
substances obtained have always been optically inactive, and they were 
not successfully resolved by any of the methods used. 

8*7 Ammonium Ions and Their Analogs. The methods used 
for the determination of the configuration of methane (see Section 6*1) 
can be applied without essential change to the determination of the con¬ 
figuration of the ammonium ion. From the fact that isomeric ions of 
structure [NRsT]'^, where R and T are any two specified atoms or groups, 
have never been encountered, the conclusion can be drawn that all four 
hydrogen atoms of the ammonium ion are equivalent. The only pos¬ 
sible configurations are therefore the planar one, I, the square pyramidal 
one, TI, and the tetrahedral one, III. Moreover, since isomeric ions of 
structure [NR 2 T 2 ]'^ have also never been encountered, the further con¬ 



clusion can be drawm that the tetrahedral model, ITT, must be 
correct. 

Since the nitrogen atom of an ammonium ion thus has the same 
tetrahedral configuration as does a saturated carbon atom, the numbers 
and types of stereoisomeric ammonium ions must be the same as those 
of stereoisomeric carbon compounds of analogous structure. In par¬ 
ticular, an ion in which the nitrogen atom is joined by single bonds to 
four different radicals should be dissymmetric and hence able to impart 
optical activity to a salt of which it is a part. In 1899, the optically 
active ammonium salt, IV, was obtained by Pope and Peachey. This 


CHa 

CH2=CH—CH2—N—CHsCsHs 


I 

Calls 


IV 


substance is of considerable historical interest since it is not only the first 
recorded example of an optically active ammonium salt, but also the 
first recorded example of an optically active compound of any sort which 
owes its activity to the configuration about an atom of an element other 
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than carbon. (Somewhat earlier, in 1891, Le Bel claimed that he had 
obtained the salt V in optically active form; his work was shown sub- 


C2H5 

CIT3— CH2—CII2—N—CH2—Cn(CH3)2 
CH3 

V 




1 ““ 


sequently, however, to have been erroneous.) Numerous further op¬ 
tically active ammonium salts, besides mcthylallylphenylbenzylam- 
monium iodide, IV, have also been prepared. 

The most conclusive evidence for the tetrahedral configuration of the 
nitrogen atom in an ammonium ion is doubtless that illustrated with the 
ion of structure VI.^® If the central nitrogen atom in this ion were pla- 

r CH2—CH2 CH2—CTI2 1 

/ \ / \ 

C 2 H 6 —O 2 C—CII N CTI—ColTr, 

\ / .\ / 

L CH 2 —CH 2 CHs—CII 2 J 
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nar (and square), there should exist two optically inactive forms, with 
the configurations VII and VIII. If the nitrogen atom were pyramidal. 
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the four optically inactive forms IX, X, XI, and XII similarly should 
exist. On the other hand, if the nitrogen atom is tetrahedral, a single 

* W. H. Milb and E. H. Warren, /. Chem. Soe. «7, 2507 (1926). 
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pair of enantiomorphic ions with the configurations XIII and XIV is 


Calls—CHa—CHa CHa 

1/ 


XIII 


[CaTfs-OaC^ CHa~CHa JI 


iL^ CII 3 —C’Ha CHa 

XIV 


Cells 


+ 


possible. (Cf. strui^tures IX and X of Section G* 11.) Although the op¬ 
tically inactive isomerKS predicted on the basis of the planar and pyram¬ 
idal models have never been encountered, the bromide salt containing 
this ammonium ion has been resolved. The proof of the tetrahedral 
configuration st^ems therefore to be completely rigorous. 

If two or more ^^asymmetric nitrogen atoms^^ are present in an ion, 
diastereomeric and meso forms are possible. The salt with structure 
(not configuration) XV, for example, has been obtained in two different 


CHa CHa 

I I 

C 2 H 5 — N—CHa - CHa—CHa—N—Ca I h 

1 J 

CgHs Cells 

XV 


++ 
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optically inactive forms; although neither of these forms has been re' 
solved, one of them is presumably racemic, whereas the other is 
meso. 

Very much less is known about the ^t&r^ochemistry of the ammonium 
ions than about that of the analogous carbon compounds. With respect 
to such ions, therefore, nothing can be said here about asymmetric 
syntheses and decompositions, the Walden inversion, or the determina' 
tion of relative configurations. Moreover, the methods of resolution of 
the racemic ammonium salts need no discussion at this point since they 
differ in no significant respect from those which are employed with the 
carbon compounds, and which have already been discussed in Section 
7-2. 
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In general, the optically active ammonium salts are rather more easily 
racemized than arc the analogous carbon compounds. The mechanism 
of tlie raccmization is presumed, at least in most instances, to involve a 
dissociation into a tertiary amine plus an ester, and a subsequent re¬ 
combination, as in equation 8 • 20 . Since the amine NRQT is unable to 

[NRQTZ]+X”- ^ NRQT + ZX ( 8 - 20 ) 

maintain a dissymmetric*, configuration, a more or less rapid racemiza- 
tion occurs. Support for this mc^chanism is provided by the fact that 
ammonium halides are usually racemized with greater ease than are the 
other types of ammonium salt; the eciuilibrium depicted above in eejua- 
tion 8 • 20 would, of course, be expected to be especially mobile when X 
rc^presc'.nts a halogen. 

In th (5 amine oxides R 3 NO, as in the ammonium ions, the central 
nitrogen atom is joined to four distinct substituents. That the con¬ 
figuration of the nitrogen atom is again tetrahedral is suggested by the 
fact that several such compounds, in whicJi the thrcic radicals R are dif¬ 
ferent, have bcicn obtained in optically active form. The pyramidal 
configuration, as well as the tetrahedral, is of course consistent with such 
optical activity, but it is made most improbable by the close analogy 
between the structures of the amine oxides and those of the ammonium 
ions, which arc known to be tetrahedral. Two typical examples of 
optically active amine oxides are given by structures XVI and XVII. 
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8*8 Compounds of Sulfur. A sulfonium salt [RTZS]”^X‘~ can be 
resolved if the three substituents R, T, and Z are different, as in struc¬ 
ture I. It is evident, therefore, that a sulfur atom forming three single 




356 Stereochemistry of Elements Other Than Carbon Sec, 8*8 

bonds must have the pyramidal configuration shown in diagram II. It 
may seem strange that a sulfonium cation like II is able to maintain its 
configuration, whereas a tertiary amine, with closely analogous electronic 
structure III is not able to do so; although the presence of the ionic 
charge in the former, and its absence in the latter, may perhaps be an 
important factor, the reason for this great difference in configurational 
stability is at present not completely imderstood. 

Fuilher optically active sulfur compounds, in which the sulfur atoms 
are again joined to three dissimilar groups, include the sulfoxides IITSO, 
the sullinic esters RSO—OC 2 H 5 , and the sulfilimiues RTS"*"—N^Z. 
Typical examples of these types of compound are given, respectively, by 
structures IV,and VI.^^ As in the sulfonium salts, the suKur 



Clla 


VI 

atoms here also must have the pyramidal configuration II. Wlien the 
optically active sulfoxides and sulfinic e»sters are oxidized, inactive sul- 
fones RTSO 2 and sulfonic esters RSO 2 —()C 2 H 5 , respectively, are 
formed. In the two latter types of substance, therefore, the sulfur atoms 
are presumably tetrahedral, so that, with two identical substituents 
(i.e., two oxygen atoms), they no longer permit molecular dissym- 
metiy. 

In certain reactions of sulfinic esters, configurational (jlianges which arc analogous 
to Walden inversions occur at the sulfur atoms. For example, the same levorotatory 
scc-octyl ester, VII, of p-toluencsulfinic acid can be transformed, as is shown in equa¬ 
tions 8*21, into either the dextro or the levorotatory ethyl ester, VIII or IX, respec- 

P. W. B. Harrison, J, Kenyon, and H. Phillips, J, Chem, Soc, 1926, 2079. 

« H. Phillips../. Chem, Soc, 127, 2552 (1925). 

^ S. G. Clarke, J. Kenyon, and H. Phillips, J, Chem, Soc, 1927, 188. 



Sec. 8*8 


Compounds of Sulfur 


(~f")~C/2H5—O——0 


(-).n-C 6 ni; 


C 2 H 60 H> 


5 II 3 


Clla^ 


iIT--0—S^—O- 


VIII 


CAh 


/t-CiUjOlf^ 


VII 


( *{-) -71-04 IT 9—O—S ^—O 


C2H6OH 


CHa 



357 


( 8 - 21 ) 


tivoly.'*** Clearly, therefore, there must bo an inversion of configuration in at least 
one of the reactions cited; presumably there is an inversion in each reaction. The 
occuiTence hen? of inv(‘.rsions shows that the sulfur-oxygen bonds of thci esters, and 
not the carbon-oxyg(m bonds, are broken in the reactions. In this respect, sulfinic 
esters resemble carboxylic esters rather than sulfonic esters. (Cf. pages 280 ff.) 

When two or more ‘^asymmetric sulfur atoms^' are present in a mole¬ 
cule or ion, diastereomers and meso forms are possible. For example, the 
salt with structure X has been obtained in two inactive forms, of which 

rCaHf, CzHbT ++ 

I i 

S—CH 2 —CH 2 —S 21- 

I I 

LcHa CHs J 

X 

one is doubtless racemic, whereas the other is meso; neither inactive 
form, however, has as yet been resolved. Similarly, the two stereo- 
isomeric disuKoxides, XI and XII, are known; both the cis form, XI, 


« E. V, BeU and G. M. Bennett, J. Ckem, Soc. 1927, 1798. 
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and the trans form, XII, have planes of symmetry and so are necessarily 
optically inactive. Moreover, the disulfoxide formed from trithio- 
formaldehyde, XIII, can exist in the three stereoisomeriij forms XIV, 
XV, and XVI; the first two of these configurations correspond to a pair 
of enantiomorphs, whereas the last corresponds instead to an inactive 
diastereomer.^® Although neither of the two known inactive forms has 
been resolved, the problem of deciding which is racemic and which k 
mesa has been solved by a method reminiscent of the one devised by 
Komer for the determination of the structures of the isomeric deriv¬ 
atives of benzene. (See Section 4 • 5.) The action of hydrogen peroxide 
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upon the racemic disulfoxide (XIV plus XV) gives a trisulfoxide which 
neces^rily has the configuration XVII, whereas the action of the same 
reagent upon the meso form, XVI, gives a mixture of the same tri¬ 
sulfoxide, XVII, and a different trisulfoxide which can have only the 
configuration XVIIL Consequently, the racemic disulfoxide is the one 
which gives a single trisulfoxide, whereas the meso disulfoxide is the one 

^ E, V. Bell and G. M. Bennett, J, Chem, 80 c, 1929 , 15. 
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which gives a mixture of two trisulfoxides. Conversely, the trisulfoxide 
with configuration XVII is the one formed from each disulfoxide, whereas 
the trisulfoxide with configuration XVITI is the one formed from only a 
single disulfoxide. In this way, the configurations of both the di~ and 
the trisulfoxides are unambiguously determined.^* It may be observed 
that neither of the two trisulfoxides, XVII and XVIII, can be optically 
active since eac^h possesstis a plane of symmetry. When the foregoing 
di- and trisulfoxides are oxidized to sulfones, the isomerism of course 
disappears. 

The interconversion of stereoisomeric sulfur compounds is often 
nearly as difficult as is that of carbon compounds. When such an inter¬ 
conversion does occur, its mechanism may possibly be analogous to the 
one which was proposed originally by Werner (sec pages 251 ff.), and 
which is considered to be involved in the rapid racemization of amines 
(see pages 330 f.). 

In the older chemical literature, the sulfoxides, sulfinic esters, and 
sulfilimines were assigned structures XIX, XX, and XXI, respectively, 
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with covalent double bonds between the sulfur atoms and the oxygen or 
nitrogen atoms. Subsequently, however, these “classical” structures 
were largely displaced by more “modern” ones like XXII, XXIII, and 
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XXIV, respectively (cf. structures IV, V, and VI, above), with semipolar 
double bonds instead. One of the arguments advanced against the 
covalent double bonds in these compounds of sulfur is as follows. The 
classical structures XIX, XX, and XXI are seen to be superficially anal¬ 
ogous to those of ketones, XXV, carboxylic esters, XXVI, and Schiff 
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bases, XXVII, respectively. Since the sulfur compounds may be op¬ 
tically active, even though the corresponding carbon compounds never 
are (unless at least one of the radicals R, T, and Z is dissymmetric), the 
two classes of compound must differ in configuration, and presumably 
also in structure. Further evidence for the presence of semipolar double 
bonds in the sulfur compounds was obtained from studies of the para- 
chor.^ At the present time, however, the natures of the sulfur-oxygen 
and sulfur-nitrogen bonds in question do not seem entirely clear, al¬ 
though no uncertainty exists regarding the stereochemical relationships. 
It is now recognized that the presence of ten electrons in the valence shells 
of the sulfur atoms in structures XIX, XX, and XXI, and of only eight 
electrons in the valence shells of the corresponding carbon atoms in 
structures XXV, XXVI, and XXVII, respectively, makes invalid any 
argument based upon the superficial analogy between the sulfur and 
carbon compounds. Moreover, the evidence provided by the parachor 
is no longer regarded as completely conclusive. The best view at pres¬ 
ent seems to be that the correct structures are neither XIX, XX, and 
XXI nor XXII, XXIII, and XXIV, respectively, but are intermediate 
between the two extremes. That is to say, it is now considered that the 
actual distributions of charge in the molecules are intermediate between 
those corresponding to the two types of stnictures; so that, for example, 
the net charge on the sulfur atom of a sulfoxide is more positive than it 
would be if structure XIX were correct, but is less positive than it 
would be if structure XXII were correct. (Cf. Chapter 10.) It is to be 
noted, however, that similar considerations do not apply to the azoxy 
compounds, the N-methyl derivatives of oximes, and the amine oxides 
considered in the preceding sections; with these substances, the classical 
structures with quinquivalent nitrogen have been completely replaced 
by the more modem ones with the semipolar double bonds. Thus, the 
structure of an amine oxide, which was written at one time as XXVIII, is 


R R 



XXVIII XXIX 


now written instead as XXIX. The reason for this difference between 
the nitrogen and the sulfur compounds is that there is a good theoretical 

^ Cf. S. Sugden, The Paracher and Valency^ George Houtlodge and Sons, London, 1930, 
pages 120 ff. 

^Cf. L. E. Sutton, Ann, Repts, Progreaa Chem, (Chem. Soc. London) 87, 73 (1940); G, 
M. Phillips, J. S. Hunter, and L. E. Sutton, J, Chem, Soc, 1945, 146, 





362 Stereochemistry of Elements Other Than Carbon Sec. 8*9 


f O2C CeHr,"] 

\ / 

c=<) o—c 

/ \ / \ 

HC Cu CIl 

\ / \ / 

c—o o=c 

, / \ 

LCsHs CO 3 J 

V 


OoC 


/ 


Cell.,! 


C =0 ()—(' 

/ \ / \ 

IIC Zn CII 

% / \ / 

c—o o=c; 

, / \ 

LCeHs CO2 J 

VI 


nium ion with structure V’l on page 352, the optical activities of these 
substances exclude the planar configurations for the central atoms. 

The phosphonium salt, VII, in which four different groups are at- 
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tached to the phosphorus atom, has been resolved.'*'’ Moreover, the 
phosphine oxide, VIII, has also been resolved,®® and the more complex 

CH3 OCzIIs OOzHc 

C 2 H 5 —P+—O- (C6ll5)3C—P+—O—P+—C(C6li6)3 

I i I 

CeHs 0- 0“ 
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phosphorus compound, IX, has been obtained in two inactive forms, of 
which one is presumably racemic, whereas the other is meso.®^ The con¬ 
figuration of phosphorus in these compounds is therefore considered to 
be tetrahedral. 


*®F. G. Holliman and F. G. Mann, Nature 159, 438 (1947). 
® J. Meisenheimer and L. Lichtenstadt, Ber, 44 , 366 (1911), 
61 H. H. Hatt, J. Chem, Soc, 1983, 776. 
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A few arsonium salts, of which the compound X is a typical repre¬ 



sentative, have been resolved.®^ Similarly, ilic arsine sulfide, XI,®® and 
the arsine oxide, XII,have also been resolved; and the more complex 
compound XIII has been obtained in the expected two inactive forms 
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{meso and racemic). Finally, the arsonium salt XIV, with an arsenic 
spiro atom, has been obtained optically active.®® In all these compounds, 
the arsenic atoms which are bonded to four atoms or groups are pre¬ 
sumably tetrahedral. The further arsenic compound XV, in which the 


“ O. J. Burrows and E. E. Turner, J. Chem. Soc. 119 , 426 (1921); see also G. Kama!, 
Ber. 66, 1779 (1933). 

“ W. H. Mills and R. Raper, J. Chem. Soc. 127, 2479 (1926). 

“ M. S. Losslie, J. Chem. Soc. 1939 , 1050. 

“ J. Cliatt and F. G. Mann, J. Chem. Soc. 1939 , 610. 

“ F. G. Holliman and F. G. Mann, J, Chem. Soc. 1946 , 46. 
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arsenic atom is bonded to only three substituents, however, has also 
been resolved; apparently here the arsenic atom is pyramidal. The 
further compound XVI, with two trivalent arsenic atoms, has been ob¬ 
tained in two optically inactive forms,*® which are presumably cis and 
trans. 

The selenonium salt XVII has been resolved; hence, a selenium atom 
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forming bonds to three substituents, like an analogous sulfur atom, must 
be pyramidal. However, attempts to resolve a selenoxide like XVIII 
have failed.*® 

The existence of the optically active telluronium salt XIX similarly 
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p-CHa—C6H4—Te 
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indicates that a tellurium atom joined to three substituents is also 
pyramidal. 

67 M. S. Lesslie and E. E. Turner, /. Chem, Soc, 1934 , 1170. 

68 J. Chatt and F. G. Mann, J. Chem. Soc. 1940 , 1184. 

66 W. 11. Gaythwaite, J. Kenyon, and II. Phillips, J. Chem. Soc. 1928 , 2280. 

Lowry and F. L. Gilbert, J, Chem. Soc. 1929 , 2807. 
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9*1 The Original Strain Theory of Bacyer. In 1885, Baeyer ^ 
called attention to the fact that nearly all the then known carbocyclic 
compounds contained either five- or six-membered rings. To explain 
this fact, he brought forth a group of ideas now called the Bacycr strain 
theory. The angle between any two single bonds formed by a saturated 
carbon atom had been postulated by vanT Hoff to have the tetrahedral 
value of 109° 28'. Consequently, Baeyer considered that an angle of 
this magnitude is most stable; and hence, that, if one or more angles in a 
molecule are in some way forced to have a widely different value, the 
molecule is ^‘strained,and therefore unstable. Now in cyclopropane, 
I, the C—C—C angles of the three-membered ring must be equal to 60°; 
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since this value is much smaller than the preferred 109° 28', the molecule 
is strained. Thus, Baeyer considered that the difficulty of preparing 
such a substance is explained. Similarly in cyclobutane, II, the angles 
must be equal to 90° if the four-membered ring is planar; again con¬ 
siderable strain is present, and again the difficulty in preparing the sub¬ 
stance appears to be explained. The amount of strain in such molecules 
as these can be expressed in terms of the so-called valence deviation d. 
This quantity is defined by equation 9-1, in which the factor 3^ was in- 

d = J^(109° 28' — bond angle) (9*1) 

troduced by Baeyer in order to take account of the fact that the total 
deviation of the bond angle from the preferred value of 109° 28' can be 

^ For a general discussion of the strain theory see W. HUckel, Der Gegenivdrtige Stand 
ier Spannungethearie, FortschriUe der Chemie, PhyHk und phyeikalischen Chemie, Serie A, 
Band 19, Heft 4, Edited by A. Eucken, Gebriider Borntraeger, Berlin, 1927; Theoretische 
Grundlagen der Organiachen Ch^ie, Akademische Verlagsgesellschaft, Leipzig, Ist ed., 
1931, Volume 1, pages 66 ff., 2nd ed., 1934, Volume 1, pages 68 ff. 

* A. Baeyer. Ber. IS, 2269, 2277 (1886). 
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considered produced by equal deviations of the two corresponding va¬ 
lence bonds from their normal directions. 

The values of the valence deviations d in some simple cyclic molecules, 
calculated on the assumption that the carbon atoms of each molecule lie 
at the corners of a regular plane polygon, are given in Table 9*1. As is 

TABLE 91 

Valence Deviations in Some Cycloparaffins (CH2)n 

n3456 7 8 oo 

d 24° 44' 9° 44' 0°44' -5° 16' -9°33' -12° 46' -35° 16' 

evident from equation 9 • 1, a positive value of d implies a bond angle that 
is less than 109° 28', whereas a negative value implies a bond angle that 
is greater than 109° 28'. The magnitudes of the deviations are smallest 
with just those rings which are easiest to prepare and are best known 
(i.e., with the five- and six-membcred rings). Baeyer considered this 
fact to be evidence both for the correctness of his theory and also for the 
planarity of the rings. 

9*2 Different Kinds of ‘‘Stability.” Baeyer's original ideas have 
undergone extensive revision in subsequent years. However, before the 
modern views can be discussed, a brief digression must be made into the 
significance that may be assigned to the word “stable” in any descrip¬ 
tion of the strain theory. As used by chemists, this word has at least 
four different, and sometimes contradictory, meanings. In order that 
confusion may be avoided, therefore, it is essential that these meanings 
now be clearly stated and carefully distinguished. 

1 . A substance is frequently said to be stable if its internal energy E 
is low. The significance of this use of the word “stable” can be explained 
most easily by reference to Figure 9-1. In this figure, the heights of the 
various horizontal lines above some arbitrary base-line correspond to the 
internal energies of the system of interest under the conditions stated. 
The highest line corresponds to the energy of some specified set of iso¬ 
lated gaseous atoms. The next two lines correspond to the energies of 
two different isomeric molecules R and S, which are composed of the 
same specified atoms. The distances AB and DF therefore represent 
the amounts of energy which would have to be supplied in order to dis¬ 
sociate the two molecules into the isolated atoms or, conversely, the 
amounts of energy which would be liberated if the molecules could be 
formed from the atoms. In accordance with this first definition, the 
isomer S represented by the lower of the two horizontal lines under dis¬ 
cussion, is the more stable of the two; it is also clearly the one with the 
greatest energy of formation (from its atoms). 
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Since the energy of formation of a substance from gaseous atoms is in 
most instances not directly measurable, the relative stabilities (in this 
first sense) of the two isomeric substances must usually be determined 
experimentally in some alternative way. If the substance is burned, 
heat is liberated; hence the energy of the products of combustion must 
be less than that of the original substance. Moreover, the two isomeric 
substances must give the same products of combustion. The lowest line 
of Figure 9 • 1 corresponds then to the energy of these products, minus 
the energy of the oxygen necessary for the combustion. It is seen that 
the heats (or, more precisely, the energies) of combustion of the two 
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Molecule S 


Products of combustion 


Figure 9 1. A <liagrairi illustrating the relation between the thermochomical 
stabilities of two isomeric molecules R and S and their internal energies E. 


isomers are represented by the distances BC and FG, and that the more 
stable isomer 8 has the smaller heat erf combustion. Since heats of com¬ 
bustion are directly measurable, they provide a convenient method for 
determining relative stabilities. 

The foregoing discussion has been limited to the comparison of iso¬ 
meric substances. The reason for this limitation is that two (or more) 
substances can be represented in a single chart, like that of Figure 9*1, 
only if they are isomeric. If they are not isomeric, then a different line, 
corresponding to the energy of the isolated atoms, is needed for each sub¬ 
stance; moreover, there would then be no way of locating these various 
lines with respect to one another, since it is impossible either to calculate 
theoretically or to measure experimentally the energy liberated or ab¬ 
sorbed in a purely imaginary transformation in which there is a change in 
either the number or the kind of atoms. (Nuclear reactions are of course 
not under discussion here.) 

It follows therefore that, in a strict sense, one can speak of the relative 
stabilities only of isomeric substances. Nonisomeric substances with the 
same empirical formula, however, can be treated in a closely analogous 
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way. Thus, in dealing with the cycloparafl&ns (CH 2 )n^ one may speak 
of the energy of formation, or of the heat of combustion, per CH 2 group. 
The substance with the larger value of the former, or with the smaller 
value of the latter, may then be said, somewhat loosely, to be the more 
stable. (See below.) 

No name seems at present to have been generally adopted for the 
type of stability discussed above. For reasons of convenience, however, 
this type will hereafter be referred to as thennochcmical stability, 

2. A substance is frequently said to be stable if its free energy is low. 
The significant distinction between this use of the word “stable^' and the 
different use which was considered above is that the energy in question 
is here the free energy, rather than the internal energy, of the substance. 
Stability of this second type will heniafttn* be called thermodynamic 
stability. Although, in many problems, thci fn^e (mej'gi(^s of the sub¬ 
stances of interest are theoretically more important than are their in¬ 
ternal energies, the experimental measurement of the free energies is 
usually more difficult than is that of the internal (energies. For most 
organic compounds, in fact, the free energies have not yet been deter¬ 
mined. Consequently, the discussion in this chapter will be concerned 
more with thermochemical than with thermodynamic stabilities. 

3. A substance is sometimes said to be stable if it is easily prepared. 
Very frequently, substances which are stable in tliis sense are also stable 
thermochemically; a great many exceptions are, however, known. 
Thermochemical stability is doubtless one of the factors influencing the 
ease of preparation of a substance; it is, however, not the only factor, 
and often it is not even a very important factor. This question will be 
discussed later in greater detail. No name seems to have been generally 
adopted for this third type of stability; for ease of reference, however, 
the expression synthetic stability will hereafter be employed. 

4. A substance is ver>" frequently said to be stable if it is unreactive, 
and especially if it is not readily decomposed. Thermochemical stability 
is doubtless a factor influencing this fourth type of stability, but it is 
not the only factor involved, and often it seems to be a relatively un¬ 
important factor. Moreover, there is no necessary relation between the 
S 3 mthetic stability of a compound and its unreactivity. Further dis¬ 
cussion of this question will be given below. (See Section 9*4.) In ac¬ 
cordance with fairly general usage, stability of this last type will here¬ 
after be referred to as unreactivity, 

9*3 More Recent Views on the Strain Theory. Puckered 
Rings. In his original formulation of the strain theory,® Baeyer did not 
distinguish among the four different types of stability described above. 
Apparently, he considered that the same factors determine all four, so 
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that a single explanation accounts for everything. At present, however, 
it is realized that the situation is more complicated than Baeyer had as¬ 
sumed, and that the four kinds of stability must be considered 
separately. 

It should be clear that the strain postulated by Baeyer has a direct 
effect upon the thermochemical stability of any molecule in which it 
occurs. The reality of the strain can therefore be demonstrated by a 
comparison of the heats of combustion per CTT 2 group (vsee above) of the 
various cycloparaffins. The pertinent data are given in Table 9*2. Of 

TABLK 9-2 

Heats ok Combustion® per CII2 Croup (X) ok the Cycuopailakkins (CH2)n 

n 3 4 5 6 7 8 15 17 30 

X 108.5'> 165.5^ 158.7^^ 157.4® 158.3® 158.6® 157.H 157.0'^ 156^ 

® In kilocalories per fornnila weight. 

^ Cf, L. Ruzirkn, Chcmislry Industry 1935 , 2. 

®ll. Spitzcr and 11. M. Huffman, J. Am, Chmi. *Soc, 69, 211 (1947). 

all the substances listed in this table, cyclopropane has the highest heat 
of combustion per (TI 2 group. This hydrocarbon, accordingly, has the 
lowest thermochemical stability and hence is the most strained. Cyclo- 
butane, with a lower heat of combustion per CII 2 group, is less strained; 
and cyclopentane is still less strained. With these compounds, there¬ 
fore, the data arc in agreement with the expectation based upon Baeyer^s 
original theory. With the six-membered and larger rings, however, the 
heat of combustion per CH 2 group does not again rise but instead seems 
asymptotically to approach a low limiting value. From the thermo¬ 
chemical data, therefore, strain appears to exist in the three- and four- 
membcred rings, where the deviation d is positive, but not to any sig¬ 
nificant extent in the six-membered and still larger rings, where the 
deviation is negative. 

These obseiwations are now explained by the assumption that the 
small rings are indeed planar, as was postulated by Baeyer, but that the 
large rings are instead puckered.^ Thus, in cyclopropane, the three car¬ 
bon atoms are nec( 3 ssarily coplanar, since a plane can always be passed 
through any set of three points. Moreover, with the four-membered 
and five-membered rings, with which the valence deviations are positive, 
the least strain results if the rings are planar; consequently, these rings 
probably are also planar, or nearly so. There is, however, reason ^ to 

8 H. Sachse, Z. physik, Chem, 10 , 203 (1892); E. Mohr, J, prakt, Chem. [2] 98, 316 (1918) 

* J. G. Aston, H. L. Fink, and S. C. Schumann, J. Am. Chem. Soc. 65, 341 (1943). K. S. 
Pitaor, Science 101 , 672 (1946); J. E. Kilpatrick, K. S. Pitzer, and R. Spitzer, J. Am. Chem, 
Soc. 69, 2483 (1947). 
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believe that, even in cyclopentane, the five carbon atoms are not com¬ 
pletely coplanar; for, although the presumed slight puckering must 
somewhat increase the strain, it nevertheless decreases the internal en¬ 
ergy because it allows the hydrogen atoms to be more distant from one 
mother. Finally, with six-membered and larger rings, with which the 
iralence deviations are negative, the strain can be rcliewed completely if 
the rings are allowed to be puckered. With cyclohexane, for example, 
two different strain-free conformations are possible.^ These are the so- 
called boat-form or C-form^ 1, and the so-called chair-form or Z-fornij 11. 



I 



II 


With still larger rings, the situations are similar, but more complex. In 
no instance, however, has it as yet been possible to isolate stereoisomeric 
substances which differ only in the form of the puckered ring; presum¬ 
ably, therefore, transitions among the various forms must always be 
relatively easy. 

Evidence supporting the belief that six-membered and larger rings are 
puckered and strain-free can be derived not only (as above) from the 
heats of combustion, but also in other ways as well. Thus, the existence 
of such compounds as camphor. III, would be impossible if all rings had 
to be planar. Moreover, the existence of the stereoisomeric cis- and 
fmns-decalins, IV and V, respectively, can hardly be explained except 


CHa 


HaC" 


^C=0 II2C C-II CII2 


CHr-C—CHa 


II2C 


CH 
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.CHa llzC 

IV 


/On. 

H2C C-II ^CHa 


HaC H-C ^CHa 
CHa CHa 


with the assumption of puckered rings. Finally, the rings in several 
analogous substances, such as paraldehyde,^ VI, and metaldehyde, 
VII,® have been found by electron and x-ray diffraction, respectively, 


* D, C. Carpenter and L. O. Brockway, J, Am. Chem. Soc. 68, 1270 (1936), 
®L. Pauling and D. C. Carpenter, J. Am. Chem, Soc. 68, 1274 (1930). 



Sec. 9*4 


Ease of Forming and Breaking Rings 


371 


CHCHs 0 -CHCH3 

/ \ / \ 

O O CH3CH o 

CHain illCHa (!) CHCH3 

\ / \ / 

O CH3CII—o 

VI VII 

to be puckfTod. Moreover, an examination of the crystal structure of 
sucrose, VJII/ lias shown that, in this substance, both the six-membered 


HO -CJIa / \ 

CITOTI—CHOTT / \ 

/ \ X \ 

TTO—CTT CJ I—O- C CH—CHaOH 

\ / \ / 

CII-O CnOH—CITOII 


CH2—OH 


fj*lucose) ring and the five-memberod (fructose) ring are puckered. 

9*4 Factors Influencing the Ease of Forming and Breaking 
Kings. If only the throe- and four-membered rings are appreciably 
strained, an explanation is needed for the fact that the case of forma¬ 
tion reaches a sharp maximum with the five- and six-membered rings. 
It might have been anticipated that all the strain-free rings (i.e., all 
tJiose with five or more members) should be formed with approximately 
the same ease. Indeed, the fact that this expectation is not borne out 
by experiment Avas at least partially responsible for Baeyer's error in 
bidieving the large rings to be strained. The problem is clearly, however, 
not one of the relative thermochemical stabilities of the rings, but instead 
one of their relative synthetic stabilities. Consequently, Baeyer^s ap¬ 
proach was inadequate. It now appears that at least two different 
factors must be considered in any complete treatment of the problem.® 
The first of these factors is the strain (reflected in the thermochemical 
stability), which operates against the formation of three- and, to a lesser 
extent, of four-membered rings. The second is a prohahility factor; this 
factor is related to the probability that the two ends of a chain of atoms 
will happen to come so close to one another that they can be joined by a 
valence bond. It is reasonable to suppose that the likelihood of such an 
occurrence decreases regularly as the size of the ring increases. The 


^ C. A. Beevers and W. Cochran, Proc. Roy, Soc, (London) A190, 257 (1947). 

* L. Ruzicka, W. Bnigger, M. Pfeiffer, H. Schinz, and M. Stoll, Helv, Chim, Acta 9, 499 
(1926); L. Huzicka, Chemistry dt Industry 193S, 2. 
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relatively great ease of formation of the five- and six-membered rings is 
then the result of the simultaneous operation of these two independent 
factors. 

Figure 9*2 shows schematically how the probability and strain factors 
can lead to the observed dependence of synthetic stability upon ring 
size.® Curve a represents the probability factor; since all effects of strain 
are here ignored, this curve drops steadily as the size of the ring in- 



Number of carbon atoms 

Figure 9-2. A schematic plot showing the ways in which the probability factor 
(curve a)t the thermochemical stability (curve 6), and the resultant synt.hetic stability 
(curve c) of cycloparaffins (CH 2 )n depend upon the number n of carbon atoms in 
the ring. This figure is reproduced by permission of Professor L. lluzicka and of the 
Society of Chemical Industry from Chemistry & Industry 1935 , 6. 

creases. Curve h represents the thermochemical stabilities of the cyclic 
compounds; it rises from a low value for cyclopropane to a high constant 
value for all cycloparaffins from cyclopentane on. Finally, curve c 
represents the observed synthetic stabilities, as measured by the per¬ 
centage yields of the cyclic products obtained, in closely analogous re¬ 
actions, from noncyclic reagents. If, as is here assumed, the synthetic 
stability of a cyclic compound is determined primarily by its thermo¬ 
chemical stability and by the probability factor, curve c should then be 
some sort of combination of curves a and 6. As is immediately apparent, 
this expectation is indeed correct; although the exact form of curve c 
could not have been predicted in advance, its general shape is never¬ 
theless entirely reasonable. The fact that this last curve reaches a 
shallow minimum with the eleven-membered ring and then rises to a low 
maximum mth about the fourteen-membered ring is, however, somewhat 
unexpected. Ruzicka ® has suggested that this feature of the curve is 
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due to a crowding of the hydrogen atoms (cf. Section 9-6), which be¬ 
comes most serious when n is equal approximately to 11. 

The fourth type of stability (i.e., the unreactivity) of a cyclic com¬ 
pound could be expected to depend upon the thermochemical stability, 
but hardly upon the probability factor. Consequently, curve b of Figure 
9*2 should represent the unreactivities of the cycloparaffins. This ex¬ 
pectation is in agreement with the observations. The ring in cyclo¬ 
propane, for example, is easily broken by such reagents as hydrogen (in 
the presence of a platinum catalyst), chlorine, or hydrogen chloride; 
moreover, the slightly larger ring in cyclobutane displays a similar, al¬ 
though reduced, reactivity. On the other hand, the thirty-membered 
ring of cyclotriacontane CaoHoo is as unreactive toward these reagents 
as are the five- and six-memb(ircd rings in (?yclopentane and cyclohexane.® 
Indeed, it is in general as difficult to break a carbon-carbon single bond 
in any ring of five or more atoms as it is to break a similar bond in an 
analogous noncyclic compound. These further facts, like the measured 
heats of combustion, are therefore in disagreement with Baeyer^s view 
that large rings are planar, and hence strained. 

Although a fairly satisfactory explanation of the dependence of both 
synth(5tic stability and unreactivity upon ring size can be obtained in 
the way outlined above, attention should be called here to the fact that 
still other factors, which have not been considered, appear also to be in¬ 
volved. In general, a consideration of only the strain and probability 
factors is not sufficient, except within a limited series of closely similar 
substances, to permit a reliable prediction either of the ease with which 
a ring of any given size can be formed, or of the resistance which such a 
ring offers to being ruptured. For example, tetramethylsuccinic acid, 
I, forms the cyclic anhydride, II, much more readily than unsubstituted 

(CH3)2C—CO 2 H (CH3)2C~C=0 H 2 C—CO 2 H H 2 C—c=o 

I I > I I > 

(CH 3 ) 2 C—CO 2 H (CH 3 ) 2 C—C=0 H 2 C—CO 2 H H2(>-C=0 

I II III IV 

succinic acid, III, forms the corresponding anhydride, IV.® This dif¬ 
ference is not easily explained by the strain theory. Moreover, 
dimethylglutaric acid, V, is transformed rapidly and in the cold by 

HO 2 C—CH 2 —C(CH 3 ) 2 —CH 2 —CO 2 H 
V 

®K. Auwers and V. Meyer, Ber. 23 , 101 (1890). Cf. also C. K. Ingold, J. Chem, Soc, 
119 , 305 (1921); E. H. Farmer and J. Kracovski, ibid, 1927 , 680. 
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acetyl chloride into its cyclic anhydride, VI; whereas unsubstituted 


C(CIl3)2 

/ \ 

H2C C112 

I 1 

0=c c=o 

\ / 

0 

VI 


HO2C—CII2—Clla-CHa—COall 

VII 


glutaric acid, VII, must be warmed with acetyl chloride to 40 °C before 
the corresponding dehydration proceeds at a satisfactory rate. Again, 
the reason for the observed difference in ease of ring formation is not 
immediately obvious. 

An example, in which unreactivity rather than synthetic, stability is 
involved, is pro\'ided by a comparison of cyclopropane, VIII, Avith its 


CH 2 

/ \ 

H2C-CII2 

VIII 


C(CH3)2 

/ \ 


HO2CHC-CHCO2II Br—CH2— 


CH2—CH2—Br 


IX 


X 


derivative, m-caronic acid, IX. The first of these substances reacts 
readily with bromine to give trimethylene bromide, X, but the second is 
inert toward bromine. If the reactivity of cyclopropane is explained as 
a result of the strain in the three-membered ring, then the unreactivity 
of cfs-caronic acid is anomalous. 

Finally, there exist also unexplained variations in thermodynamic 
stability. Thus, the position of the equilibrium represented by the gen¬ 
eral equation 9*2 has been found to depend markedly upon the identity 


C(0H)C02n CO—CO2II 


\i 

CHCO2H 

XI 


\ 

CH 2 —CO 2 II 

XII 


( 9 . 2 ) 


of the radicals R. Thus,^® when R is hydrogen, the eciuilibrium mixture 
consists entirely of keto acid, XII; when R is n-propyl, the equilibrium 
mixture contains about 29 per cent keto acid, XII, and 71 per cent 
hydroxy acid, XI; and when R2 represents the bivalent pentamethylene 
group —(CH2)6—, the equilibrium mixture consists entirely of the hy¬ 
droxy acid, XI. Clearly, therefore, the thermodynamic stability of the 

*®E. W. Lanfear and J. F. Thorpe, J, Chem, Soc, 123, 1683 (1923), 



Sec. 9*5 


Nonexistence of Certain Isomers 


375 


three-membered ring in the compound XI varies widely in a way that is 
not obviously explainable on the basis of the simple strain theory. 

9*5 Nonexistence of Certain Isomers. An important service 
performed by the strain theory consists in providing a reasonable ex- 
pUuiation for the nonexistence of substances with certain structures or 
with certain configurations. In the field of terpene chemistry especially, 
for example, there exist a number of so-called bridge cMm'pounds, These 
are compounds the molecules of which contain pairs of atoms joined to 
ca(;h other by three different chains of atoms. Two atoms so joined are 
called bridge atoms. For example, in structure I the two bridge atoms 
are the ones marked with asterisks. It should be noted that decalin, 
II, is not a bridge compound because, although the two central atoms 


*CTI 

/CH, 

IbC CH CHj 

HjC 1 CH 

HjC C CHj 

1 CH'I 

1 1 1 

1 CH2I 

III 

HjC CH, 

H2C ^ClI 

II2C 1 CHj 
CH 

HjC ^cn ^CH, 
CIIj CHj 
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II 

III 

IT 


arc joined to each other in tliree \vays, one of these ways is by a single 
"valence bond and not by a (^hain of atoms. A limitation upon the num¬ 
ber of possible bridge compounds is expressed by Bredt's ridcj^^ which 
states that no bridge atom can take part in a double bond. Structures 
like III (but not those like IV) arc therefore excluded. The reason for 
this rule is that structures of the type stated are highly strained; the 
strain is not enormous, however, and exceptions to the rule arc possible 
if the rings are sufficiently large. Thus, the unsaturated bicyclic ketone, 
V, which violates the rule, has been prepared.^^ 



V 


A different type of limitation upon bridge compounds is illustrated 
with camphor, VI. This substance has the two nonequivalent asym- 

« J, Bredt, Ann, 3S5, 26 (1913). 

V. Prelog, M. M, Wirth, and L. Ruzicka, Heh. Chim, Acta, 29, 1425 (1946). 



376 


Sec. 9*5 


Strain Theory and Steric Hindrance 


Cfi, 

JO* 


HaC" 


X=0 
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HaC. 
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VI 




metric atoms marked by asterisks; hence it might be expected to exist 
in four stereoisomeric forms. Nevertheless, only one pair of enantio- 
morphs is known. This is the pair in which the union of the —C(CH 3 ) 2 — 
bridge to the outer six-membered ring is cis; the second theoretically pos¬ 
sible pair of enantiomorphs, in which the union is trans^ would be too 
highly strained to exist. 

Cyclohexene exists only in the cts form, VII; the trans form, VIII, 
would be extremely strained. Similarly, in the unknown cyclopropyne 
IX, the strain should be tremendous. In such instances as these, the 



vn VIII IX X 


strain would be relieved if the sizes of the rings were greater. Thus, 
cyclooctyne, X, with a triple bond in an eight-membered ring, has been 
reported; this substance is probably still somewhat strained since the 
simplest cycloalk 3 me that can be constructed with the conventional 
molecular models is cyclononyne, with a nine-membered ring. 

The para positions of a benzene ring cannot be joined by a sliort chain 
of any kind. The situation is different here from that with such bridge 
compounds as camphor, VI, which have short bridges comiecting the 1 
and 4 positions of a saturated six-membered ring; this difference exists 
because the benzene ring is planar rather than puckered, and because the 
bonds formed by para carbon atoms in benzene are directed in exactly 
opposite directions. Examples of known compounds in which the para 
positions of aromatic rings are joined by long chains are given by struc¬ 
ture XI, in which n has the values 4, 6, and 10,^^ (Cf. also structure XX 
on page 217.) 

«N. A. Domnin, J, Gen, Chem. {U.S.8,R.) 8, 851 (1938); C.A. 38, 1282 (1939). 

E. W, Spanagel and W. H. Carothers, J, Am, Chem, Soc, 57, 936 (1935). 
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The strain theory is by no means restricted to the carbon compoimds 
of the types considered above, since it applies generally to the compounds 
of all the other multivalent elements that are important in organic chem¬ 
istry. Not only with carbon but also with such further elements as 
nitrogen, oxygen, and sulfur, the most favored angles between single 
bonds, or between single and double bonds, seem to have magnitudes 
fairly close to the tetrahedral value. Consequently, heterocyclic as well 
as carbocyclic compounds exhibit the effects of strain when they contain 
rings with fewer than five atoms; moreover, the preparation of hetero¬ 
cyclic compounds containing rings with more than about six members 
is relatively difficult. (Cf. compound XI, above.) The nonexistence of 
substances with certain configurations can again be explained as the re¬ 
sult of strain. Thus, the only kno^vn form of pyrazole must certainly 
have the syn configuration, XII; the anti isomer, XIII, would doubtless 
be too strained to exist. (Cf. the configurations VII and VIII.) 
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9*6 Impenetrability of Atoms. An idea which is more or less 
related to the strain theory, but which was not contained in Baeyer’s 
original formulation ^ of this theory, can be expressed by the statement 
that two atoms cannot be at the same position in space at the same time. 
To be sure, atoms are not at present considered to be rigid objects (like 
billiard balls) which occupy definite volumes, and which cannot inter¬ 
penetrate one another. Nevertheless, considerable resistance is offered 
to the compression of too many atoms into a limited volume. (Cf. the 
discussion of repulsive forces, Section 1 • 15.) For this reason, it is un¬ 
likely that a substance such as hexa-^er^-butylethane, I, can exist. There 


[(CH3)3C]3C-C[C(CH3)3]3 
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are no rings in this structure to require the deformation of one or more 
bond angles; there is, however, only an extremely small probability that 
all the atoms (iould simultaneously crowd into the restricted space avail¬ 
able. That such an effect exists is strongly suggested not only, in gen¬ 
eral, by the low compressibilities of liquids and solids, but also by the 
fact that, more particularly, the central carbon-carbon bond in hexa- 
nu'th^dethane, II, is appreciably longer than normal; apparently, there- 

(cn3)3 C—c(ch,)3 

II 


fore, even the relatively small methyl groups in the molecules of this last 
substan(;e are large enough to interfere to some extent with one another. 
The six much larger <cr/-butyl groups in the substance I would undoubt¬ 
edly interfere to a much greater extent. Moreover, the explanation 
given in Sections 0-12 and 6*13 for the optical activities of suitably sub¬ 
stituted biphenyls and their analogs is based explicitly on the assumption 
that different atoms cannot come too (dose to one another. For, if atoms 
were extremely compressible, there would then be no reason why the 
two aromatic rings in, for example, the dinitrodiphenic acid, III, could 


ITOoC COgli 

<cxz> 

03N N02 

III 


not become coplanar; and hence no reason why the substance can be 
optically active. (Sec also Section 9-7.) 

9-7 Steric Hindrance.^® It has long been known that the rate of 
a chemical reacticm may be greatly affected by atoms or groups which 
are close to the reactive centers of the reagent molecules, but which do 
not appear to be directly involvc^d in the reaction itself. As early as 
1872, for example, it had been found that 2,G-N,N-tetramethylaniline, 
I, forms no quaternary ammonium salt when it is treated with methyl 


N(CH3)2 

CHat^CHa 

\/ 

I 

^S. H. Bauer and J, Y. Beach, J. Am. Chem. See. 64, 1142 (1942). 

For more comprehensive discussions of steric hindrance, see, for example, J. B. Cohen, 
Organic Chemistry for Advanced Students, Edward Arnold, London, 3rd ed., 1920, Volume 
1, Chapter V; G. Vavon, Bull. soc. chim. [4] 49, 937 (1931); S. Goldschmidt in K. Freuden- 
berg, Stereochemie, Frana Deuticke, Leipzig and Vienna, 1933, pages 451 ff. 
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iodide. The reaction is therefore inhibited by the two methyl groups 
that are ortho to the dimethylamino group. 

One of the first systematic investigations of this problem was made 
by Menschutkin/’^ who showed that, when a mixture containing equiv¬ 
alent quantities of an alcohol and a carboxylic acid is heated, the rate of 
the esterification is markedly decreased by the presenc.e of alkyl groups 
near either the alcoholic hydroxyl group or the (larboxyl group. Thus, 
in their reactions with acetic acid, II, primary alcohols, III, arc, in gen- 

CH 3 —CO 2 H RCII 2 —OH R 2 CII—OH R 3 C—OH 

II III IV V 

eral, esterified more rapidly than are secondary alcohols, IV, whereas 
tertiary alcohols, V, are hardly esterified at all; moreover, in their re¬ 
actions with isobutyl alcohol, VI, formic acid, VII, is esterified most 

( 0113 ) 2011 —CH 2 —OH H—CO 2 H 110112—00211 R 2 OH—OO 2 H 

VI VII VIII IX 

rapidly, the simple primary acids, VIII. an^ esterified less rapidly, sec¬ 
ondary acids, IX, are esterified still less rapidly, and tertiary acids, X, 

R3O—OO2II 

X 

are esterified extremely slowly. In all these stnictures, the substituent 
R is an alkyl group, such as methyl and ethyl. The rate of the esterifi¬ 
cation therefore decreases uniformly as the number of alkyl groups near 
either the hydroxyl group or the carboxyl group increases. It can, how¬ 
ever, be concluded from Menschutkin^s work that the positions of the 
final equilibria are much less dependent upon the structures of the 
reagents than are the rates at which these equilibria are attained; for, 
when the reactions were allowed to proceed until no further net changes 
could be observed, the esterifications were in all instances found to be 
approximately two-thirds complete. I^vidently, therefore, alkyl groups 
must decrease not only the rate of esterification but also that of hydroly¬ 
sis. 

Somewhat later, in 1889, Haller found that, when homocamphoric 


acid, XI, is treated with ethyl alcohol and hydrogen chloride, the pri- 
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Menschutkin, Ann, chim. [5] 20, 289 (1880); [5] 23, 14 (1881); [6] 30, 81 (1883). 
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mary carboxyl group is esterified much more rapidly than is the tertiary 
carboxyl group. The product obtained is therefore largely the acid 
ester, XII; unless the reaction is continued for a very long time, only a 
small amount of the neutral ester, XIII, is formed. On the other hand, 


CH 3 

I 

C—CO 2 —Calls 

/ \ 

HsC 0(0113)2 
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H 2 C- 
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XIII 


HoC- 


-CH—CII 2 —CO 2 II 

XIV 


when this neutral ester is treated with aqueous alcoholic potassium hy¬ 
droxide, the primary ester group is hydrolyzed more rapidly than is the 
tertiary one; the product obtained is therefore largely the isomeric acid 
ester, XIV. Hence, it is once more seen that alkyl substituents decrease 
the rates of both the esterification of the acid and the saponification of 
the ester. 

At about this same time, several benzonitriles with methyl groups in 
both the positions ortho to the cyano group were found to be not hy¬ 
drolyzable by any method then known. The compounds of this class 
include the ones with structures XV and XVI. Moreover, it was shown 
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also that, although benzonitrile itself, XVII, reacts with ethyl alcohol 
and hydrogen chloride to form the imino ether hydrochloride, XVIII, 
certain of its monosubstituted derivates, such as the compoimds XIX 


CN 

^CHs 


CN 

r^02 


XIX 


XX 


and*XX, do not undergo the analogous reactions. 

In the formation of an oxime (as well as in the esterification of a 
carboxylic acid, in the hydrolysis of an ester, and in the reactions of a 
nitrile), substituents near the reactive centers decrease the rates of the 
reactions. Thus, Kehrmann found that the action of hydroxylamine 
upon a monosubstituted p-benzoquinone, XXI (where R may be Cl, 
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Br, I, CH 3 , or t-CaH?), leads always first to the monoxime, XXII, 
rather than to the isomeric one, XXIII.*® (The structure of the mon¬ 
oxime, XXII, is shown by the fact that, on reduction with tin and hy¬ 
drochloric acid, this substance is transformed into the p-aminophenol, 
XXIV. See, however, also pages 580 and 626 f.) A disubstituted qui- 
none, XXV, gives only the monoxime, XXVI, and no dioxime, whereas 
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the tetrasubstituted quinone, XXVII, gives no oxime at all. 

In order to explain these observations (as well as a number of other 
ones, which involved reactions of several different types, and which had 
been recorded in the still earlier literature), Kehrmann suggested that 
the Raumerfullung of the substituents (i.e., the ability of the sub¬ 
stituents to ‘^fill up the space'^ near the reactive centers) is responsible 
for their effects upon the rates.*® In other words, he considered that the 
substituents shield the reactive centers from attack by the molecules of 
the other reagents. (Cf. Section 9-6.) In order to show the effect of a 
change in the size of the substituents, he studied the two isomeric qui- 
nones, XXVIII and XXIX. The first of these compounds is converted 
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W F. ITuhrmnTin, Ber. Si, 3316 (1888); IS, 3263 (1889); 28. 130 (1890); J. praM, Chtm, 
[2] 40, 188, 257 (1889); [2] 48, 134 (1890). 
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completely into its monoxime, XXX, within 15 minutes; the second is 
only slightly converted into its monoxime, XXXI, after even 12 hours. 
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The isopropyl group in the quinone XXTX, therefore, provides more 
effective shielding than does the smaller methyl group in the quinone 
XXVIIL 

In 1894, Victor Meyer and his coworkers proposed the ^9aw^^ that no 
benzoic acid with two ortho substituents can be esterified by the com¬ 
bined action of an alcohol and hydrogen chloride.^^ Thus, under iden¬ 
tical conditions of esterification, the yields of methyl ester obtained 
from benzoic acid, XXXII, 3,5-dimethylbenzoic acid, XXXIII, 2,4,5- 
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trimethylbenzoic acid, XXXIV, 2,4,6-trimethylbenzoic acid, XXXV, 
and 2,6-dinitrobenzoic acid, XXXVI, are, respectively, 92-95, 92-93, 
83-87, 0, and 0 per cent. (An earlier observation that, with 2,4,6-tri¬ 
methylbenzoic acid, XXXV, the yield of the methyl ester is about 9 per 
cent was shown to have been due to the use of an acid containing an 
esterifiable impurity; the pure acid is not esterified under the conditions 
employed.) Similarly, the yields of methyl ester obtained from 3,4,5- 
tribromobenzoic acid, XXXVII, 2,4-dibromobenzoic acid, XXXVIII, 
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V. Meyer, H. Gtimbel, and J. J. Sudborough, Ber. 27, 510 (1894); V. Moyer and J. J, 
Sudborough, iWd. 27, 1580, 3146 (1894); V. Meyer, itnd, 28, 1254, 2773, 3197 (1895). 
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and 2,6-dibromobenzoic acid, XXXIX are, respectively, 93-96, 96, and 
0 per cent. On the other hand, mesitylacetic acid, XL, and mesitylgly- 
oxylic acid, XLI, arc readily esterificd; it is therefore evident that the 
ortho substituents do not markedly decrease the rate of the reaction un¬ 
less they arc extremely close to the carboxyl group. Finally, even the 
acids which cannot be esterified by the action of methyl alcohol and 
hydrogen chloride are converted smoothly and almost quantitatively 
into their esters when their silver salts are treated with methyl iodide; 
the resulting esters, once they are formed, are extremely resistant to hy¬ 
drolysis by aqueous alcoholic base. 

Meyer's explanation of the retarding effect of substituents upon the 
rates of the reactions studied was the same as the one proposed some¬ 
what earlier by Kehrmann. Thus, he considered that the bulky atoms 
or groups which are near the reactive centers make it impossible for the 
molecules of the other reagents to approach these centers closely enough 
to react with them. To describe this situation, he used both the word 
'^Raumerfiillung,'^ which had been employed by Kehrmann, and also 
the further expression steric hindrance, which has subsequently become 
rather generally adopted. (However, see below.)__ 

In order to explain the fact that the sterically hindered acids are 
readily esterified by the action of methyl iodide on their silver salts, 
Meyer and Sudborough suggested that the silver atom holds the block¬ 
ing substituents away from the carboxyl group, and hence permits the 
approach of the methyl iodide molecule. A different explanation which, 
at the present time, seems more reasonable, is, however, that the re¬ 
action of the salt with the alkyl halide takes place at the oxygen atom 
of the carboxyl group (as it obviously must do), whereas the reaction of 
the free acid with the alcohol in the presence of hydrogen chloride takes 
place instead at the corresponding carbon atom. (See pages 280 fif.) 
Since the oxygen atom is farther from the ortho substituents than is the 
carbon atom, the fact that the former reaction is less subject to steric 
hindrance than is the latt/er cannot therefore be considered surprising. 
(Cf. mesitylacetic acid, XL, and mesitylglyoxylic acid, XLI.) 

As has been not^d, Kehrmann was the first to suggest that what is now called 
steric hindrance is due to the purely mechanical interference of bulky and impene¬ 
trable atoms. Nevertheless, Meyer^s prestige was so great that, in spite of Kehr- 
mann’s vigorous defence of his own priority,®® this latter author^s contribution to 
the field was for many years almost completely forgotten. As a result, most writers 
on the subject have erroneously attributed the suggestion to Meyer. (However, 
see Vavon and Goldschmidt.^*) 

®* F. Kehrmann, Ber, 41, 4357 (1908). 
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The general concept of steric hindrance can be discussed from two 
rather different points of view. On the one hand, the phenomenon itself 
is an experimental fact which cannot reasonably be questioned. More 
precisely, it is a collection of a great many experimental facts, of which 
only a few typic’ial examples were listed in the preceding paragraphs. 
On the other hand, the explanation advanced by Kehrmann, and in¬ 
dependently by Meyer, is a theory which may or may not be entirely 
satisfactory. The expression ^ ^steric hindrance^ ^ is, accordingly, some¬ 
what unfortunate, since it suggests the theory (which may conceivably 
be incorrect) rather than the facts (which are undoubtedly correct). 
For this reason, some authors have preferred to describe the phenomenon 
by the different expression '^ortho effect.'^ This alternative designation, 
however, is itself not ideal, since it incorrectly implies that the effect in 
question can be exerted only by ortho substituents, and hence can exist 
only in aromatic substances. The older, but admittedly poor, expression 
“steric hindrance’’ is therefore used throughout this book in any instance 
in which neighboring atoms or groups make a reaction slower. 

There is no reason to doubt that Kehrmann’s explanation of steric 
hindrance is in many instances at least partially correct; there is, how¬ 
ever, excellent reason to doubt that it provides the complete explana¬ 
tion of all the effects which neighboring groups have been found to exert 
upon the rates of chemical reactions. A few examples will suffice to 
show that other factors, besides the impenetrabilities of the atoms, can 
also greatly influence the rates. Thus, ^er^butyl alcohol, XLII, is 
esterified much less rapidly by a carboxylic acid,^^ but much more rapidly 
by a hydrogen halide, than is n-butyl alcohol, XLIII. Although the 

(CH3)3C— OH CH3—CH2—0112—CH2— OH 

XLII XLIII 

geometrical interpretation of steric hindrance appears to account nicely 
for the relative rates in the reactions with the carboxylic acids, it com¬ 
pletely fails to account for the ones in the reactions with the hydrogen 
halides. The four different reactions, which are here compared with one 
another, are in fact known to proceed by at least two different Mech¬ 
anisms, and therefore to be not strictly comparable.^^ The stereochem¬ 
ical theory does not, however, explain why all the reactions do not follow 
the same mechanism. 

Moreover, the hydrolysis of piciyl chloride, XLIV, to picric acid, 
XLV, is much faster than is that, under identical conditions, of chloro- 
ben:5ene, XLVI, to phenol, XLVII. The nitro groups which are ortho 

» Cf. E. D. Hughes, Trans, Faraday Soc, 34, 202 (1938); 37, 603 (1941); J. N. E. Day 
and C. K. Ingold, ibid, 37, 686 (1941). 
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XLIV XLV XLVI XLVII 


(and para) to the chlorine atom in the former chloride therefore do not 
hinder, but instead greatly facilitate, the reaction. In contrast, the 
nitro groups which are ortho to the carboxyl group in 2,(>-dinitrobenzoic 
acid, XXXVI, completely prevent the esterification by methyl alcohol 
and hydrogen chloride. (See above.) Here, the hydrolyses of the two 
chlorides XLIV and Xl-rVI probably occur by the same mechanism. 
Wlien l,4-dinitro-2,6-dimethylbenzene, XLVIII, is heated in a sealed 


NO2 NII2 



XLVIII XLIX L 


tube with aqueous anoimonia, the apparently more hindered nitro group 
in position 1, rather than the less hindered one in position 4, is replaced 
by an amino group; the product of the reaction is therefore 4-nitro-2,6- 
dimethylaniline, XLIX.^^ A theoretical explanation of this reaction 
has been suggested by Spitzer and Wheland.^^ In naphthalene, L, sub¬ 
stitution reactions (regardless of their mechanisms) always take place 
more rapidly at one of the alpha positions than at one of the apparently 
less hindered beta positions.^ Finally, 2,4,G-trimethylbenzoic acid, 
XXXV, which cannot be csterified with methyl alcohol and hydrogen 



CH3 CH3 


XXXV LI XXXII LII 

chloride (see above), is smoothly and rapidly converted into its ester, 
LI, when its solution in 100 per cent sulfuric acid is poured into cold 

**K. Ibbotson and J. Kennor, J, Ch^m. Soc, 123, 1260 (1923). 

W. C. Spitjser and G. W. Wheland, J, Am. Ckem. Soc. 62, 2995 (1940); see also G. W. 
Wheland, The Theory of Resonance., John Wiley and Sons, New York, 1944, pages 273 f, 
** Cf. G. W. Wheland, The Theory of Resonance, John Wiley and Sons, New York, 1944, 
Section 8*11. 
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methyl alcohol;^® conversely, the resulting ester, LI, which is not af¬ 
fected by hot aqueous alcoholic bases, is hydrolyzed back to the acid 
when its solution in 100 per cent sulfuric acid is poured onto ice.^^ On 
the other hand, benzoic acid, XXXII, is not esterified, and its ester, LI I, 
is not hydrolyzed by the procedures described. Here again, the mech¬ 
anisms of the esterifications and hydrolj^scs under the different experi¬ 
mental conditions must be entirely different.-^ (Cf. the analogous situ¬ 
ation encountered above in the esterification of the sterically hindered 
benzoic acids by treatment of their silver salts with methyl iodide.) 

It is therefore evident that steric factors alone are insufficient to ex¬ 
plain all the observed variations in rate that are produced by sub¬ 
stituents near the reactive centers. Although any complete theory 
must, to be sure, include these factors, it must nevertheless also includ(^ 
such other factors as the mechanisms of the respective reactions, the 
electrostatic interactions between atoms and groups (see Chapter 11), 
the influence of the solvent (if any), the effects of resonance (see Chapter 
10), and possibly many others which are not at present recognized. 
Further discussion of the problem would, however, lie outside the scope 
of this book. 

^ M. S. Newman, J. Am. Chem. Soc. 63 , 2431 (1941); M. 8. Newman, H. G. Kuivila, 
and A. B. Garrett, ibid. 67 , 704 (1945). 
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10-1 Intermediate Structures. At several places in the pre¬ 
ceding chapters, it has been stated that the true average distributions 
of electric charge in certain molecules or ions are probably intermediate 
between the average distributions corresponding to various specified 
structures. (For examples, see pages 15f., 20, 46, 52, 91 f., 173, 258, 
305 f., 310, 313, 334, and 360.) In such instances, the situations could of 
course be described equally well by the alternative statements that the 
true structures of the systems under consideration are probably inter¬ 
mediate between the extreme stnictures specified. 

Irr order that these rather vague concepts of intermediate charge dis¬ 
tributions and of intermediate structures may be made more precise, a 
discussion of the theoretical principles involved is now desirable.^ 

’ This discussion can be conveniently initiated by a rather detailed 
survey of the structure of benzene, since this compound doubtless pro¬ 
vides the most important example of a substance with an intermediate 
structure. (See also pages 102 fif.) 

10 • 2 Early Atleinpts to Assign a Structure to Benzene. As was 
stated in a previous chapter (see pages 105 f.), the Kekule structure, I or 
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II, of benzene ^ is unsatisfactory because it loads to incorrect predictions 
regarding the numbers of isomeric substitution products. Moreover, it 
is unsatisfactory also because it is inconsistent with the fact that, in all 
four of the ways dis(5ussed in Section 9*2, benzene is unexpectedly 
stable; or, in other words, with the facts that benzene has an appreciably 

^ For more detailed discussions of the theory of resonance, see L. Pauling, The Nature 
of the Chemical Bond, Cornell University Press, Ithaca, 1st ed., 1939, 2nd ed., 1940; L. 
Pauling in IJ. Gilman, Organic Chemistry, John Wiley and Sons, New York, 1st ed., 1938, 
Volume II, Chapter 22, 2nd ed., 1943, Volume II, Chapter 26; G. W. Wheland, The Theory 
of Resonance, John Wiley and Sons, Now York, 1944. 

* A. Kekul6, Bull. soc. chim. [2J 3, 98 (1865); Ann. 137, 129 (1866); 162, 77 (1872). 
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smaller heat of combustion than would be expected of a substance with 
structure I or II (see pages 427 f.), that it has a lower free energy, that it 
is formed much more easily, and that it is considerably less reactive. 
For these reasons, the Kekul4 structure must be judged unacceptable. 

The Claus diagonal structure. III,® leads to correct predictions re¬ 
garding isomer numbers (cf. pages 108 f.), but it can hardly be recon¬ 
ciled with the observed stability of the substance. Since the bond angles 
in structure HI are very greatly distorted from their most stable values, 
a molecule with this structure would be extremely strained. Moreover, 



lU 


since the six carbon atoms in the benzene molecule are now known to 
lie at the corners of a regular plane hexagon, the bonds joining the three 
pairs of atoms that are para with respect to each other are twice as long 
as are those joining pairs of atoms that are adjacent to each other in 
the ring. Consequently, the former bonds would have been stretched 
nearly to their breaking points (if not beyond); hence this structure 
does not greatly differ from one in which each carbon atom has a free 
valence. For this reason also, a molecule with the Claus structure, III, 
could hardly exhibit the unexpectedly high stability that is characteris¬ 
tic of benzene; the structure can therefore be discarded. 

The Armstrong-Baeyer centric structure, IV,^ like the Claus struc¬ 
ture, III, is in agreement with the obser\^ed numbers of isomeric deriva¬ 
tives; it suffers, however, from the difficulty that the meaning of the 



IT 


‘^centric bonds’^ which it contains is not clear. These bonds cannot 
represent free valences since, if such free valences were present in the 
molecule, the substance should be extremely reactive. Moreover, the 
centric bonds cannot be left undefined; for, if they were left xmdefined, 
the structure would be meaningless. Possibly the least illogical inter¬ 
pretation of these bonds is contained in the statement that the symbol 

» A. Claus, ncr. 15, 1406 (1882); /. prakt. Chem. [2] 37, 466 (1888). 

* H. E. Armstrong, PhU, Mag. [6] 28, 73 (1887); J. Chem. Soc. 51, 268 (1887); A. Baeyer, 
Ann. 245, 103 (1888). 
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IV, by definition, represents the structure of benzene, whatever that 
structure may be. Such an interpretation, however, not only begs ^he 
entire question but also leads to the result that the centric structure 
tells no more about the state of the benzene molecule than does the 
simpler conventional hexagon, V, to which it would then be completely 

\/ 

v 

equivalent. The centric structure can accordingly also be discarded. 

It may bo noted in passing that neither the Claus nor the Armstrong-Baeyer 
structure of benzene can be satisfactorib'^ extended to the condensc^d aromatic sub¬ 
stances like naphthalene, anthracene, and phenanthrene. For naphthalene, for 
example, the only diagonal and centric structures whi(;h can b(^ drawn are either 
like VI and VII, in which the two rings are not equivalent, or like VIII and IX, in 
which the two central carbon atoms are not directly joined to each other in any 
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way. Neither of these possibilities seems reasonable in view of the properties of the 
substance. Moreover, (exactly these same sorts of difficulty are encountered also in 
the attempt to w'rite either a diagonal or a centric formula for anthracene, or for any 
other of the more highly condensed aromatic hydrocarbons. Since, however, all 
these substances (including benzene) have rather similar properties, they may be 
presumed to have analogous structures. Consequently, the fact tliat the diagonal 
and centric structures cannot be satisfactorily generalized to include the more com¬ 
plex systems strongly suggests that, even with benzene, such structures are incorrect. 

Thiele’s structure, X, of benzene ® provides a rather closer approach 



X 


to the modern view than does any of the preceding ones. The dotted 
lines in this structure represent “partial valences,” which may be de¬ 
fined as follows. Each carbon atom of benzene, after it has formed 
single bonds to the attached hydrogen atom and to each of its neigh¬ 
bors in the ring, is able, since it is quadrivalent, to form one additional 

» J. Thiele. Ann. 806, 87 (1899). 
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bond. It can accordingly be said to possess a residual affinity. If this 
afpnity of each carbon atom is used up by forming a bond with one of 
its neighbors, then a Kckul<5 structure (either I or II) results. If, on 
the other hand, it is used up by an equal interaction with each of its 
neighbors, then Thiele’s structure, X, results. Since the afFmity is 
therefore divided between two interactions, the partial valences repre¬ 
sented by the dotted lines are weaker than ordinaiy valence bonds; 
consequently, each of the equivalent carbon-carbon bonds in benzene is 
weaker than an ordinary carbon-carbon double bond, although it is 
stronger than a carbon-carbon single bond. 

Thiele’s structure of benzene has several advantages. In the first 
place, as is readily seen, it leads to correct predictions of isomer numbers. 
In the second place, it is not incjonsistent with tlic observed stability of 
the substance; indeed, Thiele considered that his stru(;ture explained 
the stability of benzene, since it shows, he thought, a more nearly com¬ 
plete saturation of the affinities of all the carbon atoms than the Kekiile 
stnicture does. Finally, a structure of similar type can be written not 
only for benzene but also for naphthalene and for the remaining con¬ 
densed aromatic hydrocarbons. Naphthalene, for example, can be ex¬ 
pressed as X I. 



It is to be noted, however, that the various carbon-carbon bonds in structure XI 
cannot be equivalent to one another even though each is npresented by the same 
symbol, .v. The situation can be described as follows. Each of the 

two central carbon atoms, Cg and Cio, shares its affinity with three neighbors, whereas 
each of the carbon atoms of benzene shares its affinity with only two neighbors. 
Consequently the Cg —Cio, Cg—Cj, Cg—Cg, Cio—C 4 , and Cio—C 5 bonds are pre¬ 
sumably somewhat weaker than are any of the oiujs in benzene. The four alpha 
carbon atoms, Ci, C 4 , Cg, and Cg, accordingly have relatively large amounts of 
affinity left over; hence the Ci —C 2 , C 3 —C 4 , C 5 — Ce, and C 7 —Cg bonds are stronger 
than are any of those in benzene. Since the bcita carbon atoms, C 2 , C 3 , Cg, and C 7 , 
then have relatively little affinity left over, the C 2 —C 3 and Cg — ^Cr bonds should 
again be weak. (Cf. page 429.) 

The principal defect of Thiele’s structures of benzene and of the other 
aromatic hydrocarbons consists in the vagueness of the fundamental 
concept. It may indeed be asked what, precisely, is this ^^affinity,” 
which every atom is considered to have, but which exists in strictly 
limited amount; and how, precisely, do the affinities possessed by ad¬ 
jacent atoms saturate each other? The inability of Thiele or of Iris fol- 
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lowers to provide satisfactory answers to such specific questions as 
these makes the significance of their structures rather uncertain. As a 
result, it might be maintained that stnictures of the sort represented 
by diagrams X and XI, like the centric structure IV, are merely com- 
pli(5ated devices for concealing the ignorance of the person who employs 
them. Although such an extreme criticism of Thiele^s views is probably 
not entirely justified, it nevertheless contains sufficient truth to prevent 
Thiele’s structures from being completely satisfactory representations 
of the corresponding molec.ules. 

10*3 More Recent Developments, The present view regarding 
the structure of benzene is that the substance is a so-called resonance 
hybrid ,receiving eciual contributions from the two Kekule structures, 
I and II. That is t-o say, benzene is now considered to have a structure 



I II III 


which is not identical with cither I or II, but is halfway between them. 
The situation (ian be described graphically by the symbol 111, in which 
the double-head(»d arrow ^ representing resonance, must be care¬ 
fully distinguished from the pair of arrows representing chemical 
equilibrium. This section and the succeeding ones will be devoted to a 
discussion of the significance of the above statements. 

It is unfortunate that no satisfactory single symbol (analogous, for 
example, to the symbol IV or V of Section 10*2) has ever been devised 
for the representation of a structure, like that of benzene, which is pre¬ 
sumed to be intermediate between two (or among more than two) ex¬ 
tremes. When an organic chemist encounters for the first time such a 
symbol as III, he is almost certain to draw the entirely erroneous con¬ 
clusion that the molecule to which it refers is considered to be under¬ 
going transitions between the limiting structures specified. Such a view 
is, however, not correct. At the present time, it is not supposed that 
a single molecule of benzene possesses one Kekul6 structure part of the 
time, and the second Kekul6 structure the rest of the time; and it is 
not supposed that, in a sample of the substance at any given time, some 
of the molecules have one Kekul6 structure, while the remaining mole¬ 
cules have the second Kekul6 structure. Instead, it is supposed that a 
given molecule possesses a single structure at all times, and that all 
molecules have the same structure. The structure possessed by all 

« Cf. L. Pauling and G. W. Wheland. /. Chm, Phya. 1, 362 (1933). 

7 C, n. Bury, J, 4m, Cham, Soc, 67, 2X15 (1935); B. Eistert, Angew. Chem, 49, 33 (1936). 
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molecules at all times is, however, intermediate between I and II. The 
situation can be illustrated by a simple analogy. The statement that 
a mule is a hybrid betwecm a horse and a donkey does not imply that a 
given"mule is a horse part of the time and a donkey the rest of the time; 
neither does it imply that, at any given time, some mules are horses and 
the rest are donkeys. Instead, it implies that a mule is neither a horse 
nor a donkey but is a single kind of animal, intermediate at all times 
between the two extremes; and that all mules are the same kind of 
animal. In a similar sense, the structure of benzene, represented by 
the expression III, is considered to be a hybrid of structures I and II. 

Since the Kekule structures differ from each other only by a rotation 
of 60° about an axis perpendicular to the ring, and since the two are 
therefore completely equivalent to each other, it may well be asked 
what a transition between them would mean. The answer to such a 
question can be given most easily by reference to some specific carbon- 
carbon bond. In stnie.ture I, the bond at the extreme right of the figure 
is a double one, but, in structure 11, the bond between these same two 
atoms is a single one. If the molecule has structure I part of the time, 
and structure II the rest of the time, then the individual bond under 
discussion is double part of the time, and single the rest of the time. 
On the other hand, if the molecule has a unique structure which all of 
the time is intermediate between I and II, then the bond is of a unique 
type, which all of the time is intermediate between double and single. 

Such a bond, for lack of a better name, might be called a ^^one-and-a- 
half bond^^ (however, see page 429), or possibly a “benzene bond.’^ 
Since similar considerations apply also to each of the five remaining 
carbon-carbon bonds in the molecule, all six of the bonds are equivalent 
to one another. The interpretation just given for the structure of ben¬ 
zene therefore leads to correct predictions regarding the numbers of 
isomeric derivatives. 

10*4 The Significance of the Hybrid Structure of Benzene. 

The concept of a bond which is intermediate between a single and a 
double bond, but which is not changing back and forth between the 
two types, is a rather diffic.ult one for many chemists to grasp. The 
reason for this difficulty is possibly that most chemists unconsciously 
think of a bond as a more or less static affair, like the lines or pairs of 
dots in the conventional symbols, or perhaps even like pairs of tiny in¬ 
terlocking hooks which hold the atoms together. With such a mental 
picture, one can easily visualize a single or a double bond, or a bond 
which changes back and forth between the two types, but he cannot so 
easily visualize a bond which is, and remains, intermediate between the 
two extremes. The picture is, however, not correct, since a bond is ac- 
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tually not a static, but a very d3ntiamic, affair. The electrons that pro¬ 
duce the bond are in constant and very rapid motion, in the course of 
which their paths extend over the entire molecule and even beyond 
what would ordinarily be considered the boundaries of the molecule. 
The line, or the pair of dots, by which an individual bond is represented 
is therefore only a sort of shorthand symbol which implicis that, over a 
period of time, the two electrons are more likely to be in the region be¬ 
tween the nuclei of the atoms linked than to })e anywhere else; and 
hence that the average density of electronic charge, again over a period 
of time, is relatively great in this region between the nuclei. (Cf. Sec¬ 
tion 1 • 8.) Indeed, the concept of a bond, or of a structure, at a single 
instant of time is really meaningless, since any set of instantaneous po¬ 
sitions of the electrons relative to those of the nuckii is consistent wdth 
any structure that can be written for the system under consideration. 

The uncertainty principle of quantum mechanics ® permits the theo¬ 
retical basis of the foregoing statements to be made somewhat clearer. 
Of the several forms in which this principle can be expressed, the one 
of interest here is the one shown in the inequality 10*1. Here, Ae is the 
uncertainty in the knowledge of the energy of a single molecule; Af 

A€-Af > h (10*1) 

represents the uncertainty in the knowledge of the time at which the 
molecule has the energy that is knowm wdthin the stated limits; and h is 
Planck’s constant, G.G X erg sec. The uncertainty principle there¬ 
fore says that, if a person wishes to consider the state of any atom or 
molecule during a period of time equal to A^, he is unable to know the 
energy of the atom or molecule during that time Avith a precision greater 
than zkih/At] or, conversely, that, if a person know^s the energy of a 
molecule within the limit ztAc, any information wdiich he may have 
about the molecule cannot refer to a time interval less than h/ Ae. 

If Planck’s constant is transformed into more familiar and more use¬ 
ful units, the statement of the uncertainty principle becomes that shown 
in inequality 10 • 2, where AjB is now the uncertainty in the knowledge of 

AE-At > 10“"^^ kcal sec per mole (10*2) 

the energy in kilocalories per mole, rather than in ergs per molecule. 
If it is supposed that a given bond or a given structure corresponds to 
an energy which is definite to within, say, dbl kcal per mole (and this 
is a rather large allowance), then the only properties of the bond or 
structure which can be known are time averages over intervals of at 
least 10““^^ sec. If, on the other hand, it is supposed that the bond or 

* See any textbook of quantum mechanics. 
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structure corresponds to an energy’’ which is definite to within the smaller 
uncertainty of ±1 cal per mole, then the only properties which can be 
known are averages over the longer interval of 10*“^^ sec. In general, 
the more precisely the energy is determined, the less precisely is known 
the time to which it refers, and vice versa. If the energy were deter¬ 
mined with complete precision, so that 6.E is equal to 0, then nothing 
whatever could be said about the time, since would then be infinite; 
conversely, if complete information were available about the condition 
of the system at a definite instant (e.g., if the exact instantaneous rela¬ 
tive positions of all the electrons with respect to the nuclei were known), 
so that M is equal to 0, then nothing whatever could be said about the 
energy, since AT? would then be infinite. Since some information regard¬ 
ing both the time and the energy must always be available, neither At 
nor AE can ever be infinite in any problem of physical significance; the 
values of At equal to about 10”^^ sec and of AE eciual to about 1 kcal 
per mole are possibly fair representations of the ordtu's of magnitude of 
the minimum uncertainties in most chemically interesting situations. 

There is of course nothing in the uncertainty principle to prevc^nt one or both of 
the uncertainties from being larger than these minima, or to prevent their prodiu^t^ 
from being greater than 10“^^ k(!al sec per mole; indeed, it would b(? difFicult to in\ag- 
ine an ordinary chemical expcirimcnt in which the product of uncertainties would 
not be enormously larger than the value stated. As will be shown below, however, 
the existence of the lower limit is neverthelcvss of extremely great theoretical im¬ 
portance. 

It might be thought that uncertainties At of the order of 10“^® or 
10“"^^ sec are so small that they could cause no trouble. However, 
since the electrons move with enormous velocities, and since also the 
intramolecular distances arc very small, even such infinitesimal inter¬ 
vals of time as these are important. For example, in the old Bohr theory 
of the hydrogen atom, an electron in the most stable orbit was consid¬ 
ered to make a complete revolution around the proton in about 
sec; it would therefore make about 10^ such revolutions in 10“"^^ sec, 
or about 10^ in sec. Clearly, therefore, if one Avishes to talk about 
the position of the electron in its orbit at any given time, he must con¬ 
sider a time interval that is no longer than or 10^^^ sec; the un¬ 
certainty in his knowledge of the energy of the atom would then neces¬ 
sarily be at least of the order of 10^ or 10^ kcal per gram atom. Clearly 
also, under such circumstances, the electron under discussion could not 
be described as being in its most stable orbit or in any other specified 
orbit, since each orbit is associated, in the Bohr theory, with a definitely 
known energy; moreover, the hydrogen atom itself could not be de¬ 
scribed as being in any specified state or as having any specified struc- 
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ture of either chemical or spectroscopic interest. Although the Bohr 
theory is no longer thought to provide an accurate picture of the hydro¬ 
gen atom^ the order of magnitude of the calculated period is neverthe¬ 
less significant. In fact, the Bohr theory leads to the same average 
kinetic energy (and hen(;e also to the same root-mean-square velocity) 
for the single electron in this atom as does the more modern quantum 
mechanics; ® moreover, in the normal hydrogen atom, the radius of the 
(circailar) Bohr orbit has the same value (about 0.53 A) that is found 
quantum mechanically for the most probal)le distance between the pro¬ 
ton and electron. 

Th(‘ situation in more complicated atoms and molecules is not essen¬ 
tially different from that in the hydrogen atom; consequently, with the 
former more complicated systems, as with the latter simple one, the 
interval of, say, 10”^’^ or sec, required for the establishment of a 

definite state, representable by a definite structure, is so long that only 
average properties are significant. 

Th(" above (liseiission is not, quite correct since it is based upon lime averages, 
and not upon av(Mag(*s of th(‘ tyfK» that are involv(*d in ciuantum-rn(>chanical t.reat- 
iTK^nts. For exainph', tht? avcn'agc^ kinetics (‘iiergy of the ele(;tron in a normal hydro¬ 
gen atom is appj-oxirnat<‘lv 4.35 X erg. This statement means that, if a single 
measurement of the kiru^ic energy is made on each of a large number of different 
normal hydrogen atoms, lh(^ arithmetic average of the results thus obtained will be 
approximately 4.35 X 10" erg. The reason why only one measiirenuait is made 
on (‘ach atom is that, afU^r the first mefisureimmt has been made, the atom is in gen- 
(Tal no long<‘r in its original states On the other hand, Uk^ statement in question 
does not m()an that th(! average kinetic energy of the electron in some individual 
atom, over an (*xtended period of time, is necessarily equal to 4.35 X 10“"^° erg. 
Such a time average', in fact, cannot be obtained, because, as was just pointed out, 
only one measurement can be made on each atom. Neverthtdess, the twc' kinds of 
average, although not nece.ssarily identical, must be of the same order of magnitude; 
consequently, the above use of the simpler time average can hardly have invalidated 
the comdusions reached in the preceding paragraplis. Moreover, in the statement 
of the uncertainty principle, Planck’s constant h (on the right side of the inequality 
10 -1) is fr(*qiiently replac(^d by some smaller quantity like h/2w or h/4w. The dis¬ 
tinct ion among those altc'mativcj expressions lies in the resjxjctive definitions of the 
uncertainties At and At which are used. With the particular definitions stated above, 
it is perhaps not entirely clear whether the inequality 10*1 is exactly correct, or 
whether, in it, Planck’s constant should instead be multiplied by some factor. In 
any event, howt'ver, there can lx? no question that the product At-At of the two 
uncertainth^s must always Ix) equal to, or greater than, some quantity which is of 
the same order of magnitude as h. Consequently, the foregoing treatment, which 
makes use of th(i simplest form of the fundamental inequality, is at least qualitatively 
correct. 

With this brief digression into qnantum-mechanical theory out of the 
way, the problem of the structure of benzene may once more be discussed. 
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It was stated above that each carbon-carbon bond in this substance is 
at present considered to be intermediate between a double and a single 
bond. Since one of the most characteristic properties of any covalent 
bond is the relatively high average density of electronic charge in the 
region between the nuclei (cf. Sections 1*8 and 1*9), a bond of inter¬ 
mediate type can be pictured as one in which the average density of 
charge has an intermediate value. The valence electrons of benzene 
can therefore be considered to move about the molecule in such a way 
that the average density of charge between any pair of adjacent carbon 
atoms is greater than it would have been if the two atoms had been 
linked by a single bond, as in one of the Kekul6 structures, but less than 
it would have been if the atoms had instead been linked by a double 
bond, as in the other Ivekul^ structure. 

Further characteristic properties, besides the average charge distri¬ 
bution, can be used for the interpretation of a bond of intermediate 
type. Thus, ihe length of each carbon-carbon bond in benzene (1.39 A) 
is less than that of a typical carbon-carbon single bond (1.54 A), but 
greater than that of a typical carbon-carbon double bond (1.34 A). 
Similarly, the energy of each carbon-carbon bond in benzene is inter¬ 
mediate between the energies characteristic of corresponding single and 
double bonds; the stretching force-constants are likewise intermediate; 
and so on. 

It should be noted, however, that, although the hybrid structure of 
benzene may be considered exactly halfway between the two Kekul6 
structures, any given property of the individual carbon-carbon bonds 
need not be exactly halfway between the corresponding properties of 
single and double bonds. The length of each carbon-carbon bond in 
benzene, for example, is considerably nearer to that of a double bond 
than to that of a single bond; the energy is similarly nearer to that of a 
double bond, as will be discussed further in Sections 10*10 and 10*11, 
and so on. Such deviations of the observed properties of a hybrid bond 
from the arithmetic mean need cause no surprise, since there is no theo¬ 
retical reason why the arithmetic mean should be of greater significance 
than any of the numerous other types of mean (e.g., the geometrical 
mean), which arc mathematically possible, but which differ from it. 
Indeed, the theory of valence has at present been developed to such a 
point that rough calculations of several properties of such hybrid bonds 
can now be made; these calculations have led to results in at least quali¬ 
tative agreement with experiment.^*® The analogy of the mule, intro¬ 
duced on page 392, can again be invoked. The fact that a mule is half¬ 
way between a horse and a donkey does not require that, for example, 
its weight or the length of its tail be the arithmetic mean of the weights 
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or of the lengths of tail of its two parents. (For further discussion of 
the nature of the mean which is here involved, see Section 10-11.) 

10*5 A More General Discussion of the Theory of Resonance. 
The modem interpretation of the structure of benzene as a hybrid of 
the two Kekul4 stmetures may possibly seem just as vague and indefi¬ 
nite as, for example, the interpretation advanced by Thiele. Such a 
criticism is, however, not valid, since the theory of resonance, upon 
which are based the views described in this chapter, is a simple corol¬ 
lary of quantum mechanic^s.^*® To the rather considerable extent, there¬ 
fore, to which the (luantum-mechanical description of any molecule is 
clear and definite, the concept of a resonance hybrid is also clear and 
definite. 

The general situation can be described in the following way. The 
most nearly complete description of the state (i.e., of the stiiicture) of 
any atom or molecule, Avhich is permitted by (quantum iiK^chanics, is 
contained in the so-called ivavc function or eigenfunclion (or characterise 
tic function^ or 'proper function) of that atom or molecule.® This func¬ 
tion is (usually an extremely (complicated) one of all the spatial coordi¬ 
nates of all the particles present (i.e., of all the nuclei and electrons); 
it varies in form, of course, from system to system. Its physical signifi- 
caijce can be described partially, but sufficiently wcdl for the purposes 
of this discussion, by the statement that an eigenfunction is related in 
a simple way to the average distribution of electric charge within the 
particular system to which it refers. Indeed, an eigemfunction may con¬ 
veniently be thought of as merely a detailed mathematical specifica¬ 
tion of this average distribution. 

The situation can bo made somewhat more precise, without the introdiK^tion of 
very great mathematical complexities?. An atom or molecule consisting of altogether 
N particles (i.e., electrons and nuclei) can be considered. If the three cartesian 
coordinates of the jih particle (where j is equal to 1, 2, 3, • • - , A) are called xy, yjj 
and Zjt the w'ave function is then a function of the 3N coordinates xu 2 / 3 , Zh ^ 2 } * * *» 
VNt fl'^d of the time. It contains also some parameters referring to the states of 
spin, if any, of all the various particles (for the significance of spin, see page 417); 
these parameters may be ignored here, however, since they in no way affect the fol¬ 
lowing discussion. Now, if a definite numerical value is assigned to (‘,a(;h of the 
coordinates Xiy • • •, the wave function reduces to a function of the time alone. 
Although this function is in general complex (i.e., although it in general involves the 
imaginary unit f, which is defincjd as equal to \/ — 1), the square of its absolute 
magnitu(io is necessarily both real and positive (or zero). The proof of this last 
statement is as follows. Any complex quantity can l)c expressed in the form a + 
where a and h are real. The square of the absolute magnitude of this quan¬ 
tity is then given by the product of it and its complex conjugate, i.e., by the product 
(a + 6t)(« — ht)f which is equal to or + b\ Since a and b are real, or 4- b^ is real 

« W. Heisenberg, Z. Physik 38, 411 (1926). 
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and positive, unless both a and h are separately equal to zero, in which case both 
the original coinphix (juantity a -|- hi and the square of its magnitude art) equal to 
zero. Moreover, if the wave function of the atom or molecule under diacuasion 
corresponds to a state of definite energy, its dependence upon the time is always 
such that the square of its absolute magnitude is indept^ndent of the time. Under 
such circumstances, the square of the magnitude of the wave function for any sc't 
of values of the coordinates ari, * * *, zy is a real constant, which cannot have a nega¬ 
tive value. It is a fundamental postulate of quantum mechanics that this constant 
is proportional to the probability (which also, of course, must be real and nonn('ga- 
tive) that an experiment would find that, simultaneously, particle 1 is at the point 
J’n l/h ^1 more precisely, that it is in a region of specified small, but finite, volume 
centered about the point xi, //i, zi); particle 2 is at the j)oint X 2 , ?/ 2 , 22 (hi the same 
sense); • • • and particle N is at the point xjv, ?/iv, zy- If, now, a second set of values 
of the coordinates x\y • • •, Zjv is introduced into the wav(' function undi'r discussion, 
a corresponding probability, which in general of course has a different, numerical 
value from the first, can be obtained in the same way as before. Indeed, for (‘ach of 
the infinite number of passible sets of values of the SN coordinate's, a similar proba¬ 
bility can be found. It should now be apparent that, fiom such detailed infoi-ma- 
tion regarding the probabilities of finding the various partich’S at the various posi¬ 
tions in space, the average distribution of electric charge in the atom or molecule 
can be computed. Although the rather complicated mathematical d(d.ails of the 
computation need not here bi) further discussed, attention should nevertheless be 
specially called to one important feature of the result: since the square of the abso¬ 
lute magnitude of a wave function corresponding to a state of definitely known 
energy does not contain the time (s(h^ above), the avi'rage charge distribution in an 
atom or molecule of precisely known energy must be ind('tH}nd<.'nt of the time. (The 
uncertainty principle in the forms given in the inequalities 10 •! and 10-2, above, 
states that complete knowledge of the energy precludes any knowledge of the timi*..) 

In principle, the eigenfunction of any atom or molecule can be ob¬ 
tained as the solution of a certain partial differential expiation, which is 
called the Schrodinger equatim or the tvavc equation; in practice, however, 
the mathematical difficulties arc so great with any system more com¬ 
plicated than the hydrogen atom that some different procedure, lead¬ 
ing to only an approximately correct eigenfunction, must be employed. 
Of the several different approximate methods devised for this purpose, 
only the one that leads to the concept of resonance need now be dis¬ 
cussed. The remaining methods, although they are usually about as 
satisfactory as the one considered here (and, in certain applications, may 
even be superior to this one), are not so conveniently describable in 
ordinary chemical language since they make no explicit use of the idea 
of structure in its conventional chemical sense. 

There has been devised a more or less empirical procedure by which 
an approximate eigenfunction can be set up for the representation of 
any specified valence-bond structure of the familiar type.'® From what 

^ J, C. Slater, Phys. Rev. 38, 1109 (1931); H. Eyring and G. E. Kimball, J. Chem. Phya. 
1, 239 (1933); G. W. Wheland in A. Farkas, The Physical Chemistry of Hydrocarhone^ 
Academic Press, New York, Chapter 1 (in press). 
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was said above regarding the relation between an eigenfunction and the 
average distribution of charge in the molecule which it represents, it 
should be evident that one of the criteria employed in deciding upon a 
suitable form of this approximate function is that the function must 
correspond to relatively high average densities of electronic charge in 
the regions between pairs of atoms which are joined to one another by 
covalent bonds, and to relatively low average densities elsewhere. Since 
the functions thus obtained are not derived by solution of the wave 
equation, but are instead written down arbitrarily, they could only by 
the most extraordinary accident be completely correct (i.e., correspond 
exactly to the true average distributions of charge). There arc never¬ 
theless fairly satisfactory reasons for believing that such approximate 
eigenfunctions are near enough to the correct ones so that they may 
legitimately be used in a large number of chemical and physical problems. 

If, with respect to some particular substance, or in the treatment of 
some i)articular problem, the above approximate eigenfunctions are not 
good enough, there exist certain methods by which these functions can 
be improved to a greater or less extent. A useful procedure for achiev¬ 
ing this end (;an be illustrated by the example of hydrogen chloride. 
Two fairly reasonable structures, I and II, can be written for this sub- 

H—Cl H+cr 

I n 

stance, and the two corresponding approximate wave functions, which 
may be (tailed and ^n, respectively, can be set up. Now, the function 
^ represents a charge distribution such that the two valence electrons 
are shared eciually by the hydrogen and chlorine atoms, whereas \lni 
represents one such that these electrons belong entirely to the chlorine 
atom and not at all to the hydrogen atom. Neither function therefore 
can be quite satisfactory. In consequence of the relatively great elec¬ 
tronegativity of chlorine, the electrons can hardly be shared equally, 
as in structure I; on the other hand, the transference of the electrons 
from the hydrogen to the chlorine atom can hardly be complete, as in 
structure II. It would therefore seem reasonable to suppose that 
the linear combination of equation 10*3, in which ai and an are 

^i.n = + «ii^i (10*3) 

numerical constants, may be better than either ^ or alone (provided, 
of course, that the values of aj and an are properly chosen); indeed, such 
a function necessarily corresponds to a charge distribution that is inter¬ 
mediate between the extremes represented by ^ and ^i. (However, 

« L, Pauling. J, Am. Chem. Soc. 54, 988 (1932). 
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see Section 10*11.) Quantum mechanics provides a straightforward, 
but tedious, method by which the best values of ai and an may be ob¬ 
tained; when these values are employed, then the resulting function 
^.ir gives the closest approximation to the true distribution of charge 
that can be obtained by any function of the assumed form. Even with¬ 
out knowledge of the necessary quantum-mechanical theorems, how¬ 
ever, it can be inferred that ai must be rather greater in magnitude 
than ail (or, in other words, that structure I must make a larger con¬ 
tribution to the state of the molecule than does structure II); this con¬ 
clusion follows l^ecause the average net charges on the hydrogen and 
chlorine atoms, although appreciable, arc only about one-sixth as great 
as would be demanded by structure II. 

A further example of greater organic chemical interest is provided by 
benzene, which was discussed above in some detail, but from a differ¬ 
ent point of view. For the two Kekul6 structures III and IV, the corre¬ 


rA 

1 

A 

1 

V 

HI 

V 

IV 


sponding approximate wave functions ypui and respectively, may 
be set up. Neither of these functions can, however, be very satisfac¬ 
tory, since each corresponds to an alternation of bond type within the 
ring, and since the observed properties of the substance are inconsist¬ 
ent with such an alternation. (See above.) As with hydrogen chloride, 
an improved, but of course still approximate, wave fimction can be ob¬ 
tained by means of a linear combination of the two original ones. Thus, 
the function ^n.iv (equation 10*4), with suitable choice of the constant 

^iii.iv = + «iWiv (10*4) 

coefficients aui and aiv, should be appreciably better than either 
or alone. Indeed, without recourse to any quantum-mechanical 
manipulations, it can be immediately seen that am and aiv must be 
exactly equal in magnitude. Since structures III and IV (and hence 
also the functions rfan and ^v) are equivalent to each other, there can 
be no reason why the magnitude of am should be either greater or less 
than that of aiy. Furthermore, as should be apparent, the undesired 
alternation in bond type can be completely eliminated in ^ii,iv only 
if am and aiv have exactly the same magnitude. 

Whenever an approximate wave function of a molecule is built up, 
in the manner illustrated above, as a linear combination of two (or 
more) simpler functions, the molecule in question, or the corresponding 
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substance, is said to resonate between (or among) the stnictures repre¬ 
sented by those simpler functions, or to be a resonance hybrid of the 
structures. The structures themselves are said to contribute to the state 
of the molecule and to resonate with one another. 

In hydrogen chloride, since the magnitude of the constant coefficient 
ai is doubtless greater than is that of an (see above), structure I must 
make a larger contribution to the state of the molecule than does struc¬ 
ture II. In other words, although the true structure of hydrogen chlo¬ 
ride (as defined by the average distribution of charge in the actual mole¬ 
cule) is intermediate between I and II, it is nearer to I than it is to II. 
In benzene, however, since the constants am and ajv must be equal in 
magnitude, the two Kekul6 structures III and IV must make equal 
contributions; hence, here, the true structure is exactly halfway be¬ 
tween the extremes. 

Several further points of interest arise from the quantum-mechanical 
approach to the theory of resonance. In the first place, it may be noted 
that the assumption of resonance in any molecule cannot conceivably 
make the resulting approximate wave function (i.e., the resulting ap¬ 
proximate average distribution of charge) any poorer than it was origi¬ 
nally. Thus, if an arbitrary molecule is considered to resonate between 
t\vo specified structures J and /v, its wave function \l/jk is to be expressed 
in the form shown in equation 10*5, where the constants aj and ak are 

^jk = + o^iel^k (10-5) 

to be given the values which make as good as possible. The very 
worst that could happen therefore would be that ay is equal to 1 and a^ 
is equal to 0, or else that ay is equal to 0 and ak is equal to 1. In either 
event, the result is just the same as if the structure J or X, respectively, 
had been accepted at the outset and the possibility of resonance had 
been ignored. If the best values of ay and Ok are neither 0 nor 1, the 
assumption of resonance necessarily leads to an improved wave function. 

A second point of interest is that, as was suggested above, the reso¬ 
nance in a molecule need not be limited to two structures. In naph¬ 
thalene, for example, the three structures V, VI, and VII seem about 


k/V 
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equally reasonable.® The charge distribution within the molecule might 
therefore be expected to be more accurately described by the function 
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VI.VII of equation 10*6 than by any one of the individual functions 

^v, VI,VII == av^v + <ivi^i + ovii^vii (10*0) 

^Vy ^if or ^vii alone. Since structures VI and VII are equivalent to 
each other, they must make equal contributions to the state of the 
molecule; the magnitudes of avi and avii must therefore be equal. 
Moreover, for reasons which should become apparent later (see Section 
10*9), the magnitude of ay should not be extremely different from that 
of ayi and avii. Consequently, all three structures should make ap¬ 
proximately the same contribution; hence, no one or two of them alone 
could correspond very closely to the true average distribution of charge. 

With other molecules, the number of stnictures among which reso¬ 
nance must be assumed to occur may become very large. Indeed, it 
should be apparent from what has already been said that the descrip¬ 
tion of the state of any molecule can only continue to improve as the 
number of resonating structures is increased. For example, if the car¬ 
bon and hydrogen atoms of benzene are considered to have small net 
negative^and positive charges, respectively (as in fact seems very likely), 
then the above function ^ntjv (equation 10*4) could be improved by 
the addition to it of 12 further terms corresponding to resonance with 
the 12 equivalent stnictures of the type VIII. The magnitudes of the 

H 

-H+ 

hIJh 

H 

VIII 

coefficients ayiii, etc., of the 12 functions ^viii, etc., would of course 
be equal to one another, but presumably rather smaller than that of 
am and ajv, since the net (charges on the carbon and hydrogen atoms 
are probably rather small. Strangely enough, the inclusion in the reso¬ 
nance of even such stnictures as the 12 further equivalent ones of the 
type IX may be expected to result in some further improvement in the 

H 

H:“ 

H 

IX 

resulting charge distribution, even though the effect of such structures 
should be to decrease the electron densities about the carbon atoms and 
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to increase those about the hydrogen atoms, instead of vice versa. Cer¬ 
tainly (for the reason stated above), resonance with these structures 
could not at any rate lead to a poorer charge distribution. Moreover, 
net positive and negative charges on the carbon and hydrogen atoms, 
respectively, need not result, no matter how great the contributions of 
these 12 structures like IX may be, if only those of the 12 structures 
like VIII are still greater. 

From what has been said, it should be evident that, the more accu¬ 
rately it is wished to describe the state of any molecule, the greater is 
the number of structures among which the resonance must be considered 
to o(^cur. Indeed, it can be shown that a completely accurate eigenfunc¬ 
tion can be obtained (in the way just outlined) only by means of a 
linear combination with an infinite number of terms; most of these 
terms naturally cannot correspond to structures representable by con¬ 
ventional chemical symbols. Nevertheless, there are reasons for believ¬ 
ing that the approximate wave functions consisting of single terms or, 
at worst, of combinations of fairly small numbers of terms are good 
enough for all ordinary (ihcmical needs. In other words, there are rea¬ 
sons for believing that most molecules can be described adequately by 
single stnujtures or, at worst, as resonance hybrids receiving contribu¬ 
tions from fairly small numbers of structures. If such a belief were not 
justified, then the striking success of the structural theory in systema¬ 
tizing and coiTelating the innumerable facts of chemistry would hardly 
have been possible. 

The factors which determine the number of resonating structures that 
must be considered in any given instance, and the derivation of these 
factors from theoretical principles, will be discussed later in greater de¬ 
tail. (See Sections 10-7 and 10*9.) Here, as a convenient working 
rule (the justification of which may for the present be postponed), it 
need be mentioned only that, for most chemical purposes, a single struc¬ 
ture is ordinarily sufficient if the substance is one like, say, methane, 
for which a single satisfactory stricture can be uniquely assigned by the 
classical methods of stnictural organic chemistry; but that resonance 
among two or more structures must usually be considered if the sub¬ 
stance is one like, say, benzene, for which no single satisfactory struc¬ 
ture can be so assigned. It is interesting and highly significant that the 
simple structural concept, developed largely during the second half of 
the nineteenth century, should thus have proved adequate in just those 
places where modern theory suggests that it ought to be adequate, but 
should have proved inadequate in just those places where modem theory 
suggests that it ought to require a significant extension and generaliza¬ 
tion. 
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Some of the concepts introduced above can be made more definite with the aid 
of an analogy that is essentially equivalent to the previous one of the mule. (See 
Section 10-3.) The biological facts, however, now require a change in the species 
of the animals considered. If one parent of a certain dog is a collie, whereas its other 
parent is a cocker spaniel, then the dog is exactly halfway between a collie and a 
cocker spaniel, just as a mule is exactly halfway between a horse and a donkey. 
If now this dog is itself the parent of a second dog, whose other parent is a collie, 
the offspring is clearly % collie and cocker spaniel; it is, therefore, intermediate 
between the two bre<jds, but it is not exactly halfway between them. Similarly, it 
is easy to imagine a dog which is, say, collie and 21.^2 cocker spaniel, or one 
which is % collie and }i cocker spaniel. In the latter event, the dog would be ^‘mostly 
collie”; in fact, it might be distinguishable only with considerable difficulty from a 
pure coUie. In an analogous manner, a molecule which resonates between two struc¬ 
tures need not receive exactly the same contribution from each structure. If one 
structure makes a much larger contribution than does the otluT, the molecule may 
then be fairly accurately describable by just the single most important structure. 
Moreover, the analogy can be carried still further, since there is no necessity that a 
dog be descended from only two breeds. Thus, a given mongrel might be, say, 
5^8 collie, cocker spaniel, English bulldog, and terrier. In an analogous 

manner, a resonating molecule may receive contributions (which may or may not 
be equal) from throe or more different structures. 

10*6 A Simple Mathematical Analogy* The above-described 
procedure for building up a progressively better wave function by the 
addition of further terms to a linear combination (i.e., the procedure for 
obtaining a progressively better description of the state of a molecule 
by the inclusion of further structures in the resonance) can be made 
somewhat more concrete by the discussion of a simple analogy which 

(the reader will doubtless be glad 
to learn) involves neither mules nor 
dogs. A hypothetical physicist may 
be supposed to have decided to 
study the following problem. Two 
weightless and inextensible cords of 
equal length, AC and BC, are con¬ 
nected to the respective rigid sup¬ 
ports A and B (see Figure 10-1), 
and also to each other at the point C. 
cord CD is connected to AC and BC 
at the point C. If the cord CD is pulled by a force of fixed magnitude 
F in a direction perpendicular to that of the straight line between A and 
5, the cords AC and BC will exert forces of equal magnitude P upon 
the respective supports A and B. The problem is then to measure P 
as a function P((l>) of the angle <t> between the cords AC and BC, 

This problem is easily solved theoretically by application of the laws 
of that relatively elementary branch of mathematical physics which is 



Figure 10*1. A simple probleiy in 
statics. 

A third weightless and inextensible 
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known as statics; its solution is given in equation 10*7. The dependence 

1 0 

— ~F me- (10 • 7) 

2 2 

of P((p) upon <t> is shown by the second column of Table 10*1, in which, 


TABLE 10 1 

Accurate and Approximate Solutions of a Simple Problem in Statics 


<t>/w 


PM 

P2i4>) 


PM) 

p±(<l>) 

pm 

-1.0 

00 

0.50 F 

1.12F 

00 

0.25F 

CO 

00 

-0.9 

3.20 A" 

0.50 

1.00 

5.00 F 

0.26 

2.63F 

3.16F 

-0.8 

1.62 

0.50 

0.89 

2.50 

0.28 

1.39 

1,61 

-0.7 

1.10 

0.50 

0.80 

1.67 

0.29 

0.98 

1.10 

-0.6 

0.85 

0.50 

0.72 

1.25 

0.31 

0.78 

0.85 

-0.5 

0.71 

0.50 

0.65 

1.00 

0.33 

0.67 

0.71 

-0.4 

0.62 

0.50 

0.60 

0.83 

0.36 

0.60 

0.62 

-0.3 

0.56 

0.50 

0,56 

0.71 

0.38 

0.55 

0.56 

-0.2 

0.53 

0.50 

0.52 

0.63 

0.42 

0.52 

0.53 

-0.1 

0.51 

0.50 

0.51 

0.56 

0.45 

0.51 

0.51 

0.0 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

+0.1 

0.51 

0.50 

0.51 

0.45 

0.56 

0.51 

0.51 

+0.2 

0.53 

0.50 

0.52 

0.42 

0.63 

0.52 

0.53 

+0.3 

0.56 

0.50 

0.56 

0.38 

0.71 

0.55 

0.56 

+0.4 

0.62 

0,50 

0.60 

0.36 

0.83 

0.60 

0.62 

+0.5 

0,71 

0.50 

0.65 

0.33 

1.00 

0.67 

0.71 

+0.6 

0.85 

0.50 

0.72 

0.31 

1.25 

0.78 

0.85 

+0.7 

1.10 

0.50 

0.80 

0.29 

1.67 

0.98 

1.10 

+0.8 

].62 

0.50 

0,89 

0.28 

2.50 

1.39 

1.61 

+0.9 

3.20 

0.50 

1.00 

0.26 

5.00 

2.63 

3.16 

+1.0 

oo 

0.50 

1,12 

0.25 

CO 

00 

GO 


as throughout this section, the angles are expressed in radians rather 
than in degrees. It will be noted that P(<t>) approaches infinity as <t> 
approaches either +7r or — tt. A negative value of <t> refers, of course, 
to a situation in which the support B is to the left of A, and not to the 
right of it, as in Figure 10*1. The imaginary physicist, however, may 
be considered to have no acquaintance with either statics or trigonom¬ 
etry; hence he is not able to derive this theoretical relationship between 
P{<t>) and F, He can, accordingly, attack the problem which he has 
set for himself only by means of an experimental investigation. If, at 
the outset, he restricts his study to those values of the angle <l> which 
are fairly close to 0, he will find that has a very nearly constant 
value. In fact, the quantity Pi(<l>), defined by the simple equation 1ft* 8, 

PM = y2F ( 10 - 8 ) 
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deviates from the correct function P(<t>) by no more than 2 per cent in 
the range — tt/IO < <t> < tt/IO and by no more than 6 per cent in the 
range — 7r/5 < <t> < tt/S. If, however, he extends his observations to 
angles of still greater magnitude, he finds that is not strictly con¬ 
stant but increases perceptibly with the magnitude of 0. In order to 
obtain a more satisfactory description of the dependence of P(<t>) upon 
4>j he may therefore add to his previous expression Pi(<l>) a second term 
dependent upon </>. The simplest permissible form for this second term 
is k(l>^j where fc is a constant, since only even powers of <f> can be used; 
in fact, if a linear term like k<t> were introduced, the resulting function 
would have different values for and —<^, contrary to the observa¬ 
tions. Thus, the still fairly simple expression 10-9 leads to results 

P2(<^) - Mni + K0") (10-9) 

which are in error by less than 4 per cent in the range — 2x75 < </> < 
+ 27r/5. (See the fourth column of Table 10-1.) Although /^2(0) 
clearly therefore a much better approximation to the correct function 
P(<^) than is it is still far from satisfactory since it does not in¬ 

crease nearly rapidly enough as the magnitude of <t> increases. 

This procedure of building up the function P{<t>) could of course be 
continued by the addition of terms in and so on. However, an 

investigation of angles in the neighborhood of rtT shows that P(0) be¬ 
comes extremely large, and in fact appears to increase without limit, as 
(f) approaches zfcTr. It is therefore evident that the attempt to express 
P{(t>) as a power series of the form 10-10 cannot be very successful over 

PW = (10-10) 

* It 


the entire range from — tt to +7r, since a power series in <t> cannot have a 
sum which approaches infinity for a finite value of the argument unless 
it contains an infinite number of tenns. Thus, the expansion of the 
theoretically derived function P{<t>) (equation 10-7) results in an infinite 
series, the first few terms of which are shown in the expression 10*11. 


1 1 / 
P(0) = ~ P sec - == - P ( 1 
" 2 2 2 \ 


+ _ L _ <^2 ^4 ^ ^6 

22 - 2 !^ 2 ^. 4 ! 2 «- 6 ! 


1385 _ 50,521 

H-<*» -\ -^- 4,^° + 

^2^-sr ^2i“-ior 


2,702,765 


■ r ^+- 


( 10 - 11 ) 


Su^ an expansion would be useful only when the magnitude of <i) is fairly 
small, since otherwise the series converges so slowly that a large number 
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of terms would have to be taken before a satisfactory value of the sum 
could be obtained. When 0 is equal to itT, the series of course dzverges. 

For the reasons described, the hypothetical physicist would doubtless 
soon conclude that the expansion of P(<t>) as a power series in <t> is im¬ 
practical. He would accordingly try to devise a more suitable type of 
expression. It would clearly be desirable to employ for this purpose a 
function of which is ecjual to when </> is ecpial to 0, and to infinity 
when <l> is equal to ztTr. Now, the function P-|-(</>) of equation 10-12 

( 10 . 12 ) 

1 — <j>/T 

satisfies these conditions when <^> is equal to 0 or since it then ac¬ 
quires, respectively, the value of or of infinity; it is, however, en¬ 
tirely unsatisfactory Avhen <t> is negative, since it continues to decrease in 
value as </> decreases, and so it does not rise again toward infinity as A 
approaches the value —tt. (See the fifth column of Table 10*1.) Sim¬ 
ilarly, the further function of equation 10-13 satisfies the con- 

1 + WX 

ditions imposed when </> is ecpial to 0 or to — tt, but is unsatisfactory when 
(f> is positive. (See the sixth column of Table 10-1.) 

Although neither nor P—{<l>) alone is a good approximation to 

the correct function P{<t>)y the linear combination P^{<t>) of equation 
10*14, to which both P-f(<#)) and P-^{(i>) contribute, may be expected to 

Pi(<^) = a^P^W + (10-14) 

be appreciably better than either one alone, if the constants and a_ 
are suitably chosen. Now P-\~{<t>) is the same function of <l> that P^(<t)) 
is of moreover, the experimental (or the correct theoretical) func¬ 
tion P(0) is an even function of so that P{<p) is identically equal to 
P(—<^>). (See the second column of Table 10-1.) It follows therefore 
that, with respect to the problem that is now being considered, the 
functions P-f. (</>) and P^ (0) are completely equivalent to each other, and 
hence that there is no reason why either one should make a greater con¬ 
tribution to the combination P±{<l>) than does the other. Consequently, 
g j and o-. must be equal in magnitude. The conditions that P±(0) be 
equal to and that Pi(±7r) be equal to infinity then require that 
equation 10*15 be satisfied. Equation 10-^14 therefore assumes the form 

(10*15) 
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10-16. The dependence of this function P±(0) upon <t> is shown in the 
Pi(0) - 

= -/’[ - ii -1 (10-16) 

4 Ll — <I>/t 1 -j“ ^/ttJ 

next to last column of Table 10*1. It is seen that, in general, P±(<t>) 
gives a very good approximation to P(<^), but that the former function 
does not increase quite as rapidly as does the latter w^hen <f> approaches 
±7r. The limiting value of the ratio of P±(<l>) to P(0), when <j> is equal 
to dzTT is 0.79; the value of P±{<t>) is therefore never more than 21 per 
cent lower than the correct one. Moreover, since the greatest relative 
deviation of P±{4>) from P(0) occurs when the magnitude of </> is greatest, 
and hence when the experimental measurements are least reliable, the 
approximate function P±(<t>) might possibly be good enough to reproduce 
the empirical data within the experimental error. At worst, this function 
gives a reasonably satisfactory qualitative representation of the de¬ 
pendence of P(<^)) upon (f). In any event, P±(<t>) is a much better approxi¬ 
mation to P(0) than any power series with a practicable number of 
terms could be. 

If a still more accurate function is necessary, P±i<f>) could of course 
be further improved by the use of some such linear combination as 
Pgit'(<#>), which is defined in equation 10*17. The inclusion in this series 

P2n{<t>) = P±i<l>)[(lo + + a40^+* • •a2n<t>^^] (10*17) 

of even a small number of terms should lead to a materially better func¬ 
tion than P±{<f>)- Thus, the maximum error remaining in the still rel¬ 
atively simple function P 2 (,<!>) of equation 10*18, within the complete 

P2'(<^) - P±(<^)[1 + Mo 0 '] (10*18) 

range — tt < «^ < + tt, is reduced to about 2 per cent. (See the last 
column of Table 10*1.) The number of terms which must be included 
in a series of this type is determined by the accuracy of the experimen¬ 
tal measurements, and hence by the allowable deviation of P 2 n{ 4 >) from 
the theoretically correct function P(0). As with the simple power series 
considered above, an infinite number of terms would of course be re¬ 
quired'before P 2 n(<t>) could be made identical with P(<l>). 

The foregoing discussion of the problem of finding a mathematical 
fimction to fit a set of experimental data has been carried through in 
possibly boring detail, in order that certain of the essential, but some¬ 
what abstruse, quantum-mechanical principles concerned in the theory 
of resonance might be illustrated by a simple concrete example. The 
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first point to be brought out here is that, if the hypothetical physicist 
had been a better physicist and mathematician, he would not have 
needed to approximate his function P{(t>) by any sort of linear combina¬ 
tion of simpler functions, since he could instead have solved the problem 
in statics and could have written down the rigorous solution shown 
above in equation 10*7. Similarly, if a person interested in determin¬ 
ing the average distribution of charge within a molecule were a suffi¬ 
ciently good mathematician, he would not need to approximate the 
desired wave function by any sort of linear combination, since he could 
instead solve the Schrodinger equation, and hence could write down the 
rigorously correct function. It should possibly be mentioned, however, 
that no mathematician has as yet been able to perform this feat for 
even such a simple molecule as that of hydrogen H 2 , although several 
highly skilled ones have tried. 

A further point of interest here is that the rigorous solution of the 
above problem in statics requires a knowledge of the trigonometric 
function sec (<#>/2)—^a knowledge which the physicist was assumed not 
to possess. As far as this imagined person is concerned, therefore, the 
function sec (<#>/2) can be said never to have been defined. In a similar 
manner, the rigorous solution of the wave equation for any molecule 
would doubtless be a function with which even the most skilled mathe¬ 
maticians are not now familiar, and which may accordingly be said to 
have not yet been defined. 

The chemical significance of the considerations up to this point is 
the following. With the development of the modem quantum-mechani¬ 
cal theory of valence, it has become evident that the chemists of the 
preceding century based their classical structural theory (quite unwit¬ 
tingly, of course) upon a procedure which consisted in expressing the 
average charge distributions within molecules as sums of terms. They 
did not follow this procedure to its logical conclusion, however, since 
they assumed implicitly and (as is now known) incorrectly that the first 
term of each such series is sufficient by itself to provide a complete de¬ 
scription of the distribution of charge within the corresponding mole¬ 
cule. In other words, they assumed that each ipolecule could be asso¬ 
ciated with a single structural formula which would serve as a sort of 
shorthand symbol representing the distribution of charge; moreover, 
they assumed that, even though the lines (i.e., the covalent bonds) are 
interpreted in at least approximately the same way in all such symbols, 
nevertheless a single symbol suffices for each molecule. (It should of 
course go without saying that this statement is an interpretation in 
modem terminology, and in no sense a description, of the mental proc¬ 
esses by which the chemists under discussion reached their final conclu- 
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sions.) Obviously, these assumptions are extremely drastic. Indeed, 
the surprising feature of the classical structural theory is not that it 
failed with such substances as benzene, but rather that it worked as 
well as it did throughout the wide field of aliphatic chemistry for which 
it was originally devised. It is now realized that the conventional 
structural formulas can never describe the actual distributions of charge 
in molecules, except as rough first approximations. Although better 
descriptions could always be obtained by the inclusion of a few of the 
remaining terms in each series (i.e., by the consideration of resonance 
among a few of the additional structures for each molecule), the rigor¬ 
ously correct descriptions Avould refer to only a single distribution of 
charge for each molecule, and would not involve the idea of resonance 
among structures with different distributions of charge. These single 
distributions are, however, not obtainable by either the mathematical 
or the chemical methods now available, and, even if they were obtain¬ 
able, they would not be representable by any kind of structural formula 
which has as yet been dc^fined. New symbols would in fac^t be requiivd 
for the representation of such charge distributions, just as a new func¬ 
tion, viz., sec (</>/2), was required for the representation of the solution 
of the problem in statics considered above. 

In addition to the foregoing points of interest, several further ones 
can be brought out with the aid of the above analogy. Thus, it was 
mentioned that the two functions P^{<l>) and since they are 

equivalent to each other, must enter the linear combination with co¬ 
efficients of the same magnitude. Similarly, the two Kckule structures, 

I and II, of benzene, since they also are equivalent to each other, must 
make identical contributions to the state of the molecule. (Cf. page 
400.) Moreover, the function Avhich was expressed above as the 

linear combination 10-16, can be expressed instead, and more con¬ 
veniently, by a single term, as in equation 10-19. Similarly, a single 


diagram might possibly be devised for the representation of resonance 
between the two Kekul6 structures of benzene; such a diagram might, 
for example, take the form of the Armstrong-Baeyer structure, III, or 
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of the Thiele structure, IV. Although a procedure of this tjrpe might 
be convenient for some purposes, it has not as yet, however, been de¬ 
veloped into a useful scheme. In view of the extremely great complex¬ 
ity of the chemical problem, in fact, no completely general method of 
representation has seemed possible. 

A further interesting analogy arises from the fact that the hypotheti¬ 
cal physicist was considered to represent the dependence of the force P 
upon the angle <t> by a definite symbol P(</>). This symbol, by defini¬ 
tion, corresponds to the correct functional relationship between P and 
<t>y whatever that relationship may prove to be. The experimental, or 
the theoretical, problem was then to obtain information regarding the 
actual foim of this function P(0). Similarly, with benzene, the conven¬ 
tional symbol, V, was established so that it, also by definition, corre- 



V 


sponds to the true structure (or charge distribution) of benzene, what/- 
ever that structure (or charge distribution) may be. The experimental, 
or the theoretical, iiroblem of obtaining more detailed information re¬ 
garding the actual nature of this structure (or charge distribution) then 
remains to be investigated. In the same manner, the further symbols, 
VI, VII, etc., represent the correct structures of the further substances, 



VI VII 


naphthalene, anthracene, etc., respec^tively, whatever thesis structures 
may be. Moreover, with methane, the symbol VIll is ordinarily con- 

H 

I 

H—C—H 

li 

VIII 

aidered to correspond to the correct structure of the substance, and not 
to be merely the most impoitant one of the infinite number of resonating 
structures; this procedure is possible with most of the remaining ali¬ 
phatic compounds, for which a single structure of conventional type 
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has been found to be adequate; it is ordinarily employed implicitly by 
chemists. 

Still other mathematical features of the theory of resonance can be 
brought out with the aid of the above simple analogy. As was mentioned 
earlier, the function by itself gives a fairly good approximation 

to the correct function P(0). On the other hand, the function 
would give an extremely poor approximation, since it assumes the value 
0, instead of when <^> is equal to 0. Nevertheless, the inclusion of 
the poor function <t>^P^(<l>) in the linear combination, in addition to the 
fairly good one P±(0), results in a marked improvement. It might 
perhaps have been anticipated that the opposite would be true. In a. 
similar way, stmcture VIII of methane is a fairly good one, whereas 
the further structure IX, when considered by itself, is doubtless a very 

H 

I 

H—C:~H+ 

I 

H 

IX 

poor one. Nevertheless, the inclusion of this structure IX (and of the 
three other ones equivalent to it) in the resonance, in addition to the 
conventional structure VIII, may result in an appreciably better de¬ 
scription of the molecule. Again, it might perhaps have been antici¬ 
pated that the opposite would be true. 

The considerable superiority of the fimction P±(<t>) over <^^P^(0) is 
reflected in the considerably larger value of the coefficient with which 
the former function appears in the linear combination P 2 '(</>) of equa¬ 
tion 10'18. The .situation can be described by the statement that 
P^(<^) makes a much larger contribution than does; or, in 

other words, that the correct function P(</>) is much closer to P±(<t>) 
than it is to <l>^P^(<t>), Similarly, the superiority of structure VIII over 
IX is reflected in the greater contribution of the former, than of the 
latter, structure to the actual state of the methane molecule. In other 
words, the correct average charge distribution in methane is closer to 
that represented by structure VIII than it is to that represented by IX. 

In certain instances, it can be shown that the expansion of a given 
function cannot include any terms of certain types. For example, as 
was pointed out above, the function P (<!>), since it is even in 0, can re¬ 
ceive no contributions whatever from odd terms like k<f> or 
Similarly, in certain other instances, it can be shown that the resonance 
within a given molecule cannot include any structures of certain types. 
Examples of this limitation upon the occurrence of resonance will be 
discussed in the following section. 
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The final point to be brought out here is that the various functions 
like P+(0) and P—(<^), which were used in the building up of a satisfac¬ 
tory approximate function, are individually without any physical sig¬ 
nificance whatever. They are, instead, of significance only with respect 
to the particular method of mathematical approximation employed. 
They are not involved at all in the rigorous solution P(<^>) of the prob¬ 
lem; furthermore, they are not uniquely determined even in the approx¬ 
imate treatment. Indeed, there are an infinite number of superficially 
independent methods by which an approximate solution can be built 
up. The choice among these methods is determined merely by consider¬ 
ations of convenience; for example, the power-series expansion of P(0) 
was given up as impractical, and a combination of the functions 
and P~(0) was used instead. Moreover, it would be obviously mean¬ 
ingless to speak of the fraction of the time during which the function 
P{<t>) is identical with P^(<t>) and of that during which it is instead iden¬ 
tical with P~(</>), or of the frequency with which the function P(<f>) 
changes from P-f (<^) to P^(<t>) and back again. Similarly, the structures 
among which a molecule is considered to resonate are without physical 
significance. As was discussed above, they do not enter into the rigor¬ 
ous solution of the quantum-mechanical problem; furthermore, they are 
not uniquely determined even in the approximate treatment. Indeed, 
there are an infinite number of superficially different sets of structures 
among which resonance could be considered to occur; the choice among 
these sets is determined merely by considerations of convenience. Thus, 
as a rather ridiculous, but theoretically permissible, example, the struc¬ 
ture of benzene could be approximated not only in the way discussed 
previously (see pages 400, 402 f.), but also in terms of resonance among 
structures in each of which each of the forty-two electrons is in one of 
the various electronic shells about one predetermined proton. All such 
structures would of course have to be represented by a single S 3 mbol, 
such as X, although they would differ from one another in the ways in 

H4i- 

C6+ 

C6+ 

H+ 

X 

which the electrons are arranged about the proton chosen. Even though 
this latter extreme procedure offers no advantages over the former, and 
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indeed would be extraordinarily inconvenient, mention should never¬ 
theless be made of the fac;t that there exists at least one relatively satis- 
fjfctory method for the quantum-mechanical treatment of molecular 
structure (the so-called molecular-orbital method), which makes no ex¬ 
plicit use of the concept either of stnicture in the familiar chemical 
sense or of resonance among different structures. This method will be 
neither employed nor further discussed in this book; the fact of its exist¬ 
ence is, however, of considerable theoretical interest, since it makes ap¬ 
parent the arbitrariness of the approach which is based upon the prin¬ 
ciples of the classical structural theory, and which is here employed. 
Since, for the reasons given, the structures among which resonance is 
presumed to occur in any given instance are merely intellectual con¬ 
structions that have no physical significance, it is appartmt that no 
meaning can be assigned to the relative amounts of time Avhich the 
molecule spends in each of the structures involved. In other words, it 
is not legitimate to speak of the molecule as passing back and forth 
from one resonating structure to another, and no definite frequency can 
be assigned to such a transition. 

10*7 The Conditions for Resonance.Although a completely 
accurate description of the charge distribution within any molecule 
would require a couvsidcration of resonance among an infinite number of 
structures, not every structure which can be written can contribute to 
the state of any given molecule (see above); of those structures which 
do contribute, only a few ordinarily are of sufficient importance to de¬ 
serve explicit mention in any purely chemical discussion. The general 
rules governing both the occurrence of resonance and the relative con¬ 
tributions of the various structures that are involved are obtainable as 
corollaries of the quantum-mechanical treatment. Since, however, the 
theoretical derivations are of too great mathematical complexity to be 
given here, these rules will be stated without proof. 

It turns out that the occurrence of resonance is governed by two in¬ 
dependent factors, which will be discussed separately in this section 
and in a later one. (See Section 10*9.) For lack of better names, these 
factors will be called the ^'coupling'' factor and the “stability'^ factor, 
respectively. 

Although, unfortunately, the fundamental theoretical significance of 
^'coupling^^ between structures cannot be described except in highly 
mathematical terms, the practical significance can be expressed simply 
by means of the three rules given below. These rules describe the most 
important conditions (and the only ones ordinarily encountered) which 

**See, for example, G. W. Wheland, The Theory of Resonance, John Wiley and Sons, 
New York, 1944, pages 6 ff. 
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must be satisfied in order that stnictures may be coupled with each 
other, and hence in order that resonance between these structures may 
occur. (For further discussion of the significance of the coupling fac¬ 
tor, see Section 10*11.) 

1. Resonating structures must correspond to very nearly the same posi¬ 
tions of all the atomic nuclei. For example, there can be no resonance 
between structures I and II, since these differ markedly in the positions 

II 11 11 

n n Ti IT ii -c—(L( v-h 

I I i 1 / 1 \ 

H—C^-C—C—C—TI IT CJ n 

till /1\ 

H H 11 H II H H 

I II 


of a carbon nucleus and of several protons. It is of interest that this 
first rule is definitely required by the facts of chemistry inasmuch as, 
without it, the phenomenon of isomerism would liave been impossible. 
Thus, if resonance between structures I and II could occur, then only 
a single butane, with a structure intermediate between 1 and II, could 
exist; the two different substances, n-butane and isobutane, respectively, 
could then not be separated. Indeed, if the quantum-mechanical theory 
had not led unambiguously to this rule, as it does, considerable doubt 
would thereby have been cast upon the validity of the theory. 

The requirement that resonating structures correspond to at least ap¬ 
proximately the same positions of all the atomic nuclei is not a com¬ 
pletely precise one, since there is no sharp dividing line between the sets 
of structures which do, and those which do not, differ so much geometri¬ 
cally that resonance is impossible. For example, the question whether 
ammonia undergoes resonance or a rapid tautomerism between the two 
configurations represented by III and IV cannot be answered unam- 


N 
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H H H 


III 


II H H 

IV 


biguously. Such borderline cases, however, are fortunately very rare; 
in nearly all instances there is no ambiguity. The indefiniteness of this 
first rule will introduce no difficulties at any point in this book. In 
general, it may be said that, the more nearly two structures correspond 
to the same positions of all nuclei, the more strongly are they coupled 
with each other; the indefiniteness in question is thus one of deciding 
how weak the coupling between structures must be before it can legiti- 
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mately be said no longer to exist. (For further discussion of the effect 
of the strength of the coupling upon the resonance, see the last paragraph 
of Section 10 -9.) 

2. Resonating stmctures must correspond to not too widely different aver¬ 
age positions of all the electrons. It is somewhat difficult to find a chemi¬ 
cally interesting example of a set of structures which differ enough in 
electronic distribution for this rule to apply; indeed, electrons, being 
very much lighter and hence very much more mobile than atomic nuclei, 
cannot be so precisely localized. A rather artificial example, which 
might, however, be of some spectroscopic interest, is provided by the 
ionic free radical that could be obtained by removal of an electron from 
a molecule of decamethylenediamine, V, and for which the two equiva¬ 
lent, but presumably nonresonating, structures VI and VII can be drawn. 

HzN— (CH2)io— NII2 H2N— (CH2)io— N+H2 

V VI 

H2N+—(CH2)io—NH2 

VII 

3. Resonating structures must have the same number of unpaired elec¬ 
trons. An unpaired electron may be defined as one which neither par¬ 
takes in the formation of an ordinary covalent (i.e., paired-electron) 
bond nor is part of an unshared pair of electrons upon a single atom. 
Thus, in the conventional electronic structures of methane, VIII, methyl 
alcohol, IX, and ethylene, X, all the electrons are paired; in each in- 

H H H H 

H:C:H H:C: 0 :H H:C::C:II 

ii H 

VIII IX X 

stance, therefore, the number of unpaired electrons is zero. On the other 
hand, the methyl radical, XI, has one unpaired electron, as docs also 
its more complicated derivative, triphenylmethyl, XII. In general, any 

CHa (CeH5)3C- 

XI XII 

molecule with an odd number of electrons must have at least one of them 
impaired. Compounds consisting of such molecules are called free 
radicals; they are discussed further in Chapter 15. 

Molecules with two, or more, unpaired electrons are rather rare, but 
they are not unknown. Although they are most common among the 
inorganic compounds containing atoms of the transitional groups of the 
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periodic table, they occur also among the inorganic compounds contain¬ 
ing only elements of low atomic weight and also among organic com¬ 
pounds. The most important example of such a substance is elementary 
oxygen O 2 , which has two unpaired electrons, and which therefore does 
not possess the simple structure, XIII, which is usually assigned to it. 

: 0 :: 0 : 

XIII 

(C'f. page 741.) Further examples of the same type include sulfur 
monoxide SO, diatomic sulfur S 2 , and a few other substances. Some 
much more complicated organic examples of substances with two un¬ 
paired electrons, the so-called biradicals, will be discussed later. (See 
Section 15*21.) 

It may be asked how the number of unpaired electrons in a molecule 
is determined.^^ With very simple molecules, like that of oxygen, the 
most conclusive method is based upon a study of the spectra of the sub¬ 
stances. However, the details of the procedure cannot be given here. 
With molecules of any complexity, and in particular with organic mole¬ 
cules, a different method, based on magnetic measurements, has proved 
more generally useful. This method makes use of the observation that 
every electron has a so-called ^^spin,^^ which gives to it a small magnetic 
moment; or, in other ^vords, that every electron behaves like a small bar 
magnet with a north pole and a south pole. When two electrons are 
paired with each other, whether they participate in the same covalent 
bond or belong to the same unshared pair, their spins are necessarily 
oriented in exactly opposite directions, so that their magnetic fields 
cancel one another. Consequently, only i/zipaired electrons can make 
any contribution to the resultant magnetic moment of a molecule, and 
consequently only substances which consist of molecules with unpaired 
electrons are attracted by a magnet. (Exceptions to this nile are possi¬ 
ble and are known, but they are not important among organic com¬ 
pounds.) Substances which are attracted by a magnet are said to be 
paramagnetic. The great majority of substances contain no unpaired 
electrons and are repelled by a magnet; such substances are said to be 
diamagnetic. Not only can the existence of unpaired electrons be demon¬ 
strated by the paramagnetism of the substances which contain them, 
but also the actual numbers of unpaired electrons per molecule can be 
calculated from the magnitudes of the attractions between the substances 
and a magnet. (For further details of the magnetic method, see pages 
691 ff.) 

For further details, see J. TI. Van Vleck, The Theory of Electric and Macfnetic Suscep* 
tibilitieSt Oxford University Press, Oxford, 1932. 
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With this much explanation of the significance of the pairing of elec¬ 
trons, the original question of the impossibility of resonance among struc¬ 
tures with different numbers of unpaired electrons may again be con¬ 
sidered. In oxygen O 2 , for example, the three structures XIII, XIV, and 
XV can be written. The distinction between the second and third of 

: 6 : 6 : : 6 : 6 : 

XIV XV 

these structures lies in the (choice of the orbit about each oxygen nucleus 
which is to be assigned the single isolated electron. Now, if the two 
isolated electrons in structures XIV and XV are not paired with each 
other, then each of these two structures has two unpaired electrons, and 
hence is able to resonate with the other structure. Indeed, the most 
satisfactory simple description of the state of the oxygen molecule is 
that it is a resonance hybrid of structures XIV and XV.^^ The conven¬ 
tional structure, XIII, however, can make no contribution through 
resonance to the normal state of the molecule, since it contains a dif¬ 
ferent number of unpaired electrons, namely, zero. It represents instead 
an excited state, which is kno\vTi spectroscopically, and which lies about 
24 kcal per mole above the ground state.^^ 

An example of greater organic chemical interest is provided by ethyl¬ 
ene, for which the two structures XVI and XVII may be considered. 

H:C::C:H: n:C:C:H 

ii H H ii 

XVI XVII 

If the two electrons represented by the isolated dots in structure XVII 
are paired with each other, this structure is identical with XVI, since 
the statement that two paired electrons are on adjacent atoms merely 
provides an alternative way of saying that a covalent bond exists be¬ 
tween the two atoms. On the other hand, if the two electrons in question 
are not paired with each other, then structure XVII has two unpaired 
electrons, whereas XVI has none. In neither event is it legitimate to 
speak of resonance between structures XVI and XVII. (Structure XVII 
might nevertheless be of some spectroscopic interest, since it might 
represent an excited spectroscopic state. See also page 266.) 

10*8 Formal Bonds. An interesting point in connection with the 
pairing of electrons can be brought out by a consideration of the so-called 

L. Pauling, J. Am, Chem, Soc. 63, 3225 (1931). 

*®L. Herzberg and G. Herzberg, Aatrophya. J. 106, 353 (1947). 
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Dewar stru(*.ture, I, of benzene,^^^ If, as now seems definitely established, 



I 


the six carbon atoms of the benzene molecule are located at the comers 
of a regular plane hexagon, the distance between any two para atoms is 
twice as great as is that between any two ortho atoms in the ring. Cvonse- 
(piently, it is quite impossible for a really effective bond to exist between 
the para positions. Nevertheless, a situation more or h^ss analogous to 
that implied by the Dewar structure results when two electrons, one on 
each of two para carbon atoms, are paired with each other. The signifi¬ 
cance of the pairing in such an event would then be merely that the spins 
(i.e., the magnetic moments) of the two electrons arc pointing in exactly 
opposite directions. It would not be correct, however, to speak of the 
interaction between the distant atoms as a “bond,'’ since its energy is 
much too small. As a good first approximation, in fact, it can be con¬ 
sidered to be a “no bond” or a “broken bond.” For the sake of precision 
in terminology, an interaction of this kind will hereafter be referred to as 
a formal bond, and it will be represented graphically by a dotted line, as 
in structure II. The formal bond is to be regarded as a “bookkeeping” 
device, introduced solely for the purpose of marking paired electrons. 



II 


Unlike a real bond, such an interaction makes no significant direct con¬ 
tribution to the stability of the structure which contains it. 

It is somewhat paradoxical that structure I should have become associated with 
the name of Dewar since, in the paper in which he mentioned this structure, Dewar 
assumed the Kekul6 structure to be correct. However, in this same paper, he also 
described the construction of “ball-and-stick’* molecular models which w’ere not 
essentially different from those commonly employed today (except that they repre¬ 
sen t-ed the carbon atoms as square rather than as tetrahedral). Merely to show the 
utility of these models and, in particular, their ability to reproduce any desired 
structure, he gave several examples. Among these were included the KekuM and 
the ^^Dewar'^ structures, as well as a number of completely unreasonable ones, such 

i®J. Dewar, Proc, Roy, Soc. Edinburgh 6, 82 (1867). 
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as III. He apparently did not support structure I any more than he did structure 

HsC. 

^yc===c===^:^cii2 

III 

III. For a short time, however, structure I was seriously considered by otfier chem¬ 
ists. 

The theoretical importance of formal bonds is that, by a slight exten¬ 
sion of the classical structural theory, they permit the drawing of addi¬ 
tional structures, among which molecules may be presumed to resonate; 
and hence, that they permit the obtaining of more precise descriptions of 
the states of these molecules. In benzene, for example, the resonance 
may be considered to include not only the two Kekul6 structures, IV 
and V, and such partially ionic structures as VI (cf. pages 400 ff.), but also 
the three equivalent Dewar structures, VII, II, and VIII. Since each 



H 


IV V VI VII VIII 

Dewar structure contains one less effective bond than does a Kekulc 
structure, the structures belonging to the former type must be con¬ 
siderably less stable than are those belonging to the latter, and so must 
make appreciably smaller contributions to the state of the molecule. 
(See the following section.) Approximate calculations have indeed led 
to the conclusion that the Dewar structures are of only small (although 
still far from insignificant) importance in the resonance.® 

10*9 The Relative Contributions of Resonating Structures. 
Whenever two or more structures are coupled with each other (in the 
sense described in Section 10*7), resonance among them must always 
occur. However, the contributions of the structures may vary within 
wide limits; in particular, those of certain structures may be negligibly 
small. The ‘^stability factor'^ (i.e., the second of the two factors men¬ 
tioned above) then determines the relative importance of the various 
structures, in accordance with the general rule that, the more stable a 
resonating structure is, the greater is its contribution to the ground 
state of the molecule. As used here, the word *‘stable’’ is to be inter¬ 
preted as meaning “thermochemically stable,” in the,sense defined in 

*^See, for example, G. Stadeler, J. prakt Chem, 103 , 106 (1868); H. Wichelhaus, Ber, 3 , 
197 (1869). 



Sec. 10*9 Relative Contributions of Resonating Structures 421 

Section 9-2; the rule can accordingly be re-expressed in the form that, 
the lower is the energy E associated with any structure, the greater is 
the contribution of that structure to the hybrid. 

Before this rule can be put to practical use, a method must be devised 
by which the relative stabilities of structures can be estimated. Fortu¬ 
nately, a roughly qualitative method of this sort is readily available, 
since any structure which seems unreasonable from the viewpoint of the 
classical structural theory is almost certain to be an unstable one; and 
.since, the more unreasonable a structure seems, the less stable (and hence 
the less important in the resonance) it is likely to be. For example, of 
all the structures that can be drawn for ethane, structure I is the only 
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one in which each linkage is of the type conventionally considered to 
be present in such substances, and in which each atom has its cus¬ 
tomary valence. Structure II, on the other hand, seems less reasonable 
since the carbon-hydrogen bond is not ordinarily regarded as ionic; this 
second stmcture is presuma1)ly therefore significantly less stable than 1. 
Moreover, the further structure III, in which two of the carbon-hydrogen 
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bonds are represented as ionic, is doubtless still less stable than structure 
II; and the rather bizarre structure IV, with sexivalent carbon, must be 
extremely unstable. 

In structure IV, the four additional electrons that are needed for the carbon- 
carbon triple bond are the ones which occupy the two carbon iC-shells in structures 
I, II, and III, but are not explicitly represented in those structures. In order that 
the formation of the triple bond in IV be possible, at least one of the iC-shell elec¬ 
trons on each carbon atom must be excited at least to the il/-shelL Such excitation 
requires an enormous amount of energy and so leads to a very unstable structure. 

In general, whenever a unique structure has been assigned by the 
classical methods to any given molecule, then that structure seems al¬ 
ways to be much the most stable one that can be written, and hence 
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the one which makes the largest contribution. Under such circum¬ 
stances, all further stnictures are less stable and therefore make smaller 
contributions; frequently, however, these contributions lead to appreci¬ 
able modifications in the properties of the corresponding substances. 
With butadiene, for example, the conventional structure, V, is un- 
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doubtedly much more important than any other. Nevertheless, struc¬ 
tures like VI are probably significtant with respect to tlie dipole moniciits 
of the carbon-carbon bonds; and structure VII, with a formal bond, is 

H II H IT 

I I I I 
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VII 


important with respect to the characteristic properties of the conjugated 
system. (Cf. Section 10* 10.) On the other hand, whenever the struc-l 
ture of a substance has been left ambiguous by thci classicjal methods, them 
usually the substance can be adequately desetribed only as a resonance 
hybrid receiving relatively large contributions from most, if not all, of 
the individual structures proposed (and smaller ones, of course, from 
numerous further, less stable ones). With benzene, for example, the 
two Kekul6 structures, VIII and IX, must make large and equal con¬ 
tributions, whereas such additional structures as X and XI must make 
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smaller ones. Similarly, with a sulfoxide R 2 SO, each of the two struc¬ 
tures XII and XIII is probably important in the resonance. (Cf. pages 
369 f. and 425.) 
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From what has just been said, it is evident that the chemists who 
developed the structural theory in the latter half of the nineteenth cen¬ 
tury showed a truly remarkable genius in devising a system of representa¬ 
tion which could be fitted, without any really fundamental change, into 
the framework of the quantum-mechanical theories which were developed 
not only much later but also quite independently. This fact is an ex¬ 
tremely fortunate one sinc^e, if the situation had proved to be otherwise, 
the organic chemist of today would have had either to give up the 
original, generally successful, but incomplete, structural theory and to 
make a fresh start along different lines; or else to lose all the benefit of 
the more recent and more precise theories which are now available. 

Although familiarity with the classical structural theory thus enables 
one to estimate with some assurance the relative stabilities of strucitures, 
a set of formal rules, which determine the stabilities in an objective 
manner, would neverlheless be desirable. It may be doubted, however, 
whether any set of rules, covering all possible contingencies with com¬ 
plete rigor, is possible. At any rate, no su(;h set has as yet been devised. 
The best that can be done here is accordingly to state a few general 
propositions which, in a wide variety of instances, have been helpful 
in the making of decisions.^^ 

* 1. Any structure in which a hydrogen atom has more than two elec¬ 
trons in its valence shell, or in which any atom of the first row of the 
periodic table has more than eight electrons in its valence shell, is 
thermochemically so unstable that it may be neglected in qualitative 
discussions. Thus, the hydrogen bond in o-nitrophenol, for example, is 
presumably not due to an important contribution from any structure 
like XIV (cf. Section 2-G); similarly, the above structure IV for ethane 
can safely be ignored. 

0=N+—O—H- 

A-6 

V 

XIV 

2. Since the formation of a valence bond always lowers the enei^ of 
a structure, a structure with a relatively large number of bonds should 
be thermochemically more stable than an analogous structure with a 
smaller number of bonds. Thus the Dewar structure, XI, of benzene, 
for example, is presumably less stable, and hence less important, than 
the Kekul4 structures, VIII and IX, since it contains one less bond. 

Cf. G, W. Wheland, The Theory of Reaonartce, John Wiley and Sons, New York, 1944, 
pa^es 15 ff. 



424 


Sec. 10*9 


The Theory of Resonance 


(In the counting of bonds, formal bonds are of course to be ignored, 
since they are considered to be of negligible strength.) Moreover, tables 
of so-called bond energies have been compiled; with the aid of these bond 
energies, fairly precise estimates of the relative stabilities of structures 
can often be made, since the energy of each structure is given approxi¬ 
mately by the sum of the energies of all the bonds which it contains. 
Such a refinement in the treatment will, however, be unnecessary 
throughout the remainder of this book. 

3. Since positive and negative charges strongly attract each other, 
and since work must therefore be done in order to separate unlike charges, 
a structure which involves such a separation of charge is usually less 
stable thermochemically than is an analogous one which does not. Thus, 
structure XV of formic acid, with the positive and negative formal 
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charges, is doubtless less stable than the conventional one, XVI, which 
contains the same number of bonds, but in which each atom is formally 
neutral. Conversely, a structure in which two like charges are close to 
one another (e.g., on adjacent atoms) is probably rather unstable. 
Thus, structure XVII of nitrous oxide N 2 O is probably less stable than 

:N*"—;N=N+—or :n““=N+=0: 


XVII XVIII XIX 

either of the structures XVIII and XIX, which contain the same total 
number of bonds. 

4. The second and third of the above rules must be applied with con¬ 
siderable caution, however, since they have a number of exceptions. 
For example, with the gaseous molecule (or ion-pair, cf. Section 1 • 17) 
of sodium chloride, the ionic structure, XX, is probably more stable 

Na+Cl- Na—Cl 

XX XXI 


than the covalent one, XXI, even though the former structure has one 
less covalent bond than does the latter and, moreover, involves a separa¬ 
tion of opposite charges. The reason for this exception is that, since 
one of the two atoms involved (the sodium atom) is strongly electro¬ 
positive, whereas the other (the chlorine atom) is strongly electronega¬ 
tive, the transfer of an electron from the former atom to the latter is 



Sec. 10*9 Relative Contributions of Resonating Structures 425 

relatively easy. In general, ionic structures like XV or XX may be 
expected to be more stable than the corresponding covalent ones (XVI 
and XXI, respectively) only if the atoms with the formal positive and 
Negative charges are strongly electropositive and electronegative, respec¬ 
tively. This condition is satisfied in structure XX but not in structure 
XV. Under still other circumstances also, a structure with both a 
smaller number of bonds and a separation of charge may be more stable 
than an analogous one with a larger number of bonds and without the 
separation of charge. Thus, structure XXII for trimethylamine oxide 

(CH3)3N+-0- (CH3)3N=0 

XXII XXITI 

is doubtless more stable than is structure XXIII, since the latter struc¬ 
ture violates the octet rule. (Cf. rule 1, above.) With the two more 
or less analogous structures XXIV and XXV of a sulfoxide, however, 

R 2 S+—O: R2S=0: 

XXIV XXV 

the situation is less clear. Since sulfur is not an element of the first row 
of the pericxiic table, rule 1 does not strictly apply to it, and so the second 
structure, XXV, cannot be immediately excluded. Nevertheless, there 
does seem to be some tendency for the maintenance of the octet with 
even such heavy atoms as sulfur, and so the first structure, XXIV, 
appears to be favored. On the other hand, rules 2 and 3 favor the second 
structure, XXV. Since the various factors operate in opposite directions, 
and since their relative importance cannot be readily estimated, no con¬ 
clusive statement can be made regarding the relative contributions of 
structures XXIV and XXV. From studies of the dipole moments of 
such compounds, it appears probable that both structures make signifi¬ 
cant contributions.^® (Cf. also page 422.) 

In the manner just discussed, the relative stabilities of structures can 
usually be estimated in a fairly satisfactory manner. There still remains, 
however, the question how unstable a structure must be before it can 
be safely ignored. No simple answer can be given to this question, since 
a great deal depends upon the accuracy with which the distribution of 
charge within the molecule must be specified. The situation is thus 
analogous to that discussed in Section 10 *6, where a hypothetical 
physicist was imagined to be trying to set up a mathematical expression 
for an empirical function, and where the number of terms which he 

Cf. L. E. Sutton, Ann, Repta, Progress Chem, (Chem. Soc. London) 37, 73 flF. (1940) 
G. M. Phillipa, J, S. Hunter, and L. E. Sutton, J, Chem, Soc, 1946, 146. 
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had to include in his series was determined by the accuracy which he 
wished to obtain. With benzene, for example, it is usually sufficient to 
consider resonance only between the two Kekuld structures. A more 
accurate treatment, however, requires the inclusion of the three Dewar 
structures; a still more accurate one requires the inclusion of such 
partially ionic structures as X; and so on. 

Attention should be (tailed here to an important distinction which 
exists between resonance and tautomerism, and which has confused a 
great many people. In a tautomeric e(iuilibrium (e.g., that between 
some arbitrary aldehyde A and its enol form E), the relative contribu¬ 
tions of the two stmctures can be expressed in terms of the equilibrium 
constant X, defined in equation 10*20, where the expressions in paren- 



( 10 * 20 ) 


theses represent the activities of the corresponding substances. The 
thermodynamic equation 10*21 gives the relation between the equilib- 


AF^ = -RT In K 


( 10 * 21 ) 


rium constant K and the standard fre^e energy change AF° of the reac¬ 
tion 10*22. Now, if AF^ is very large, then the standard free energy 


A E 


( 10 * 22 ) 


of the enol form E is much higher than is that of the keto form A; hence, 
there is very little enol present at equilibrium. Indeed, if AF® is, say, 
15 kcal per mole, then K has the value of 1.4 X 10~^^ at 20°C; hence, 
at equilibrium, only one molecule in about 7 X 10^^ is enolic (if the 
distinction between activities and concentrations may here be ignored). 
For many purposes, therefore, the statement would be justified that no 
enol form at all is present. Moreover, if AF"" is still greater, the equilib¬ 
rium concentration of the less stable tautomeride is still lower, since K 
decreases extremely rapidly as AF^ increases. Thus, if AF° is equal to 
00 kcal per mole, K has the value of 4 X 10^*^^ at 20^C; hence, at 
equilibrium, only one molecule of the less stable form is now present in 
about 4 X 10^® moles of the mixture! The situation described here for 
a tautomeric mixture is entirely different, however, from that which is 
supposed to obtain with a resonance hybrid. If only the coupling (see 
Section 10*7) between two structures is sufficiently strong, there is 
nothing to prevent the less stable stnicture from making, say, half as 
great a contribution as does the more stable one when the difference in 
energy between the two is 15 kcal per mole, or even when it is 60 kcal 
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per mole. In other words, although the contribution of a resonating 
structure decreases as its stability decreases, the relative importance of 
a resonating structure is tremendously less dependent upon its relative 
thermochemical stability than is that of a tautomeric form upon its 
relative thermodynamic stability. In the resonating molecule, the cou¬ 
pling factor is extremely important since, the more strongly coupled two 
structures are, the greater must be the difference in their energies before 
the resonance between them is negligible. All structures which satisfy 
the conditions listed in Section 10*7 may be considered coupled with 
one another to at least some extent; the more nearly two structures with 
the same number of unpaired electrons correspond to the same relative 
positions of all the nuclei and of all the electrons, the more strongly 
Ihey are coupled. Tautomeric structures, on the other hand, since they 
fail to satisfy the first of the conditions stated in Section 10*7, are com¬ 
pletely uiK^oupled. (For further discussion of tautomerism, see Chapter 
14.) 

10*10 The Effect of Resonance upon Properties. Resonance 
(exerts effects of various kinds upon the chemical and physical properties 
of the substancres in Avhich it occurs. Altliough these effects are men¬ 
tioned from time to time throughout the book, a brief summary of some 
of the most important ones may be given here.^ 

As has already been mentioned (see page 396) the average dis¬ 
tribution of electric charge in a resonating molecule, and the lengths, 
energies, and force constants of the individual bonds, are intermediate 
between the distributions, lengths, energies and force constants, respec¬ 
tively, that are characteristic of the individual structures involved. 
(Cf., however, Section 10*11.) On the other hand, the energy of a 
resonating molecule as a whole is always lower than is that of any one 
of the contributing structures; hence, resonance always stabilizes (ther- 
mochemically) any substance in which it occurs. The energy of the 
most stable single structure involved, minus that of the resonance 
hybrid, is therefore always a positive quantity. It is known as the 
resonance energy of the substance. The magnitudes of the resonance 
energies in many instances can be determined from theimochemical data 
of various kinds. With benzene,for example, the observed heat of 
combustion of the substance (in the gaseous state) is 788 kcal per mole, 
whereas a value of about 829 kcal per mole would have been anticipated 
for the hypothetical cyclohexatriene, with the Kekul6 structure. 

This latter value is derived from the empirical rule that, with any hydrocarbon 
in which resonance is not an important factor, and to which a unique structure can 

^ Cf. G. W. Wheland, The Theory of Resonance^ John Wiley and Sons, New York, 1944, 
Chapter 3. 
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therefore be assigned, the heat of combustion of the gaseous substance, is 

given approximately by the equation 10*23, in which w/,, 7id, and n* are, respec- 

Allc « (53.3nfc + 50.8n, + llS-Sn^ + 205.2ni) kcal per mole (10-23) 

tively, thc^ numbcTS of carbon-hydrogen bonds, carbon-carbon single bonds, carbon- 
carbon double bonds, and carbon-carbon triple bonds, in a molecule of the sub- 
stance.®* 


Since the observed heat of combustion of benzene is therefore less by 
about 41 kcal per mole than is that to be expected of a substance with 
the Kekul^ structure, it is evident that benzene is more stable by this 
same 41 kcal per mole than such an imagined substance Avould have 
been. The resonance energy of benzene is therefore about 41 kcal per 
mole. A slightly different, but presumably more accurate, value of 
3G kcal per mole for this quantity has been obtained in a completely 
analogous way from a comparison of the heats of hydrogenation of 
benzene and of cyclohexene.^®*®^ 

The magnitudes of the resonance energies found for other substances 
in these and other analogous ways vary widely. The resonance energy 
of a simple conjugated olefin seems always to be small; that of 1,3- 
butadiene, for example, is about 3 kcal per mole.^®'^^ The aromatic 
compounds, on the other hand, have much larger resonance energies, 
which are usually of the order of 35 N kcal per mole, where N is the 
number of aromatic rings per molecule. In general, the resonance 
energy of a substance is greater, the greater is the number of relatively 
stable structures which individually have approximately the same low 
energy, and which therefore make approximately the same large contribu¬ 
tion. Thus, the resonance energy of benzene, with its two Kekul^ struc¬ 
tures, I and II, is much larger (as was stated above) than is that of 
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H H 


H2C=C—C=CH2 

III 


H H 

H2C—C!=i—CHa 


IV 


1,3-butadiene, with only the one stable structure. III, and the much 
less stable one, IV. 

It is to be noted that, as a result of the resonance, the strength of 
each carbon-carbon bond in benzene, although intermediate between 
that of a carbon-carbon single bond and that of a carbon-carbon double 
bond, is nevertheless definitely greater than the arithmetic mean be¬ 
tween these two extremes. Since the resonance energy of the substance 

^ G. B. Kistiakowsky, J. R. Ruhoff, H. A, Smith, and W, E, Vaughan, J, Am, Chem, 
Soc. 58 , 146 (1936). 
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is about 36 kcal per mole, and since the six carbon-carbon bonds are 
equivalent, each bond is therefore stronger than the mean by about 
6 kcal per mole. For this reason, the description of the ‘^benzene’' 
bond as a “one-and-a-half” bond (see page 392) is not strictly accurate.^^ 
Such an added refinement, however, is here unnecessary; consequently, 
the simpler, but somewhat loose, terminology will be employed without 
further apology throughout this book. Similarly (and with the same 
lack of precision), the Ci—C 2 , C 3 —C 4 , C 5 —Ce, and C 7 —Cs bonds in 
naphthalene, V, which resonates principally among structures VI, VII, 
and VIII, may be referred to as “one-and-two-thirds^' bonds, and all 
the remaining carbon-carbon bonds in this compound may be referred 
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to as ‘^one-and-one-third’^ bonds. The distinctions which are thus made 
among the bonds in this substance are of considerable interest in connec¬ 
tion with the similar distinctions implied by Thiele's structure. (See 
page 390.) 

The concept of resonance energy is probably the most important single 
addition made by the theory of resonance to the older structural theory, 
since so many chemical and physical properties are affected by the 
thermochemical stabilities of the respective substances. Thus, one rea¬ 
son for both the relative ease of formation and the unreactivity of 
benzene (or of any other aromatic compound) is doubtless that, as a 
result of the resonance, such a substance has a considerably greater 
thermochemical stability than does any comparable nonaromatic com¬ 
pound. 

In considering the chemical properties of a resonating substance, one 
must constantly be on his guard lest he unconsciously attribute to the 
substance the properties of a tautomeric mixture. (Cf. Chapter 14.) 
Thus, acetoacetic ester must undergo all the reactions of both the keto 
and the enol forms, because it is actually a mixture of these two tau- 
tomerides. On the other hand, although a resonating substance may in 
some instances undergo all the reactions expected of a number of the 
most important contributing structures, it does not have to undergo 
those expected of any structures, since it is not a mixture of different 
substances with the structures in question. 

** See W. G. Penney, Proc. Roy» 80 c, (London) A158, 306 (1937). 
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A few examples should suflSce to show how varied the situation may 
be. Thus, 1,3-butadiene reacts with chlorine to give both 1,2-dichloro- 
3-butene, IX, and l,4-dichloro-2-butene, X.^ In the first of these reac¬ 
tions, the substance therefore appears to have the conventional structure, 
III, whereas, in the latter, it appears to have the less stable stnicture, IV, 
with the formal bond. Similarly, the ozonization of o-xylene gives the 
two ozonides, XI and XII, in approximately equal amount; here again 



X XI XII XIII XIV 


the substance undergoes the reactions expec^tod of both the important 
structures, XIII and XIV, respectively. On the other hand, 2,7- 
dihydroxynaphthalene, XV, which must receive approximately eiiual 



contributions from the three structures XVI, XVII, and XVIII, reacts 
almost exclusively as if it has only the one structure, XVI.*-*^ In particu¬ 
lar, it reacts with a diazonium salt ArN 2 X or with a halogen X 2 only at 
the positions marked with single asterisks, to give the respective products 
XIX and XX, and not at all at the positions marked by double asterisks; 

Ar—N=N N=N—Ar X X 



XIX XX 


at first sight, however, the latter positions appear to be just as 
to the phenolic hydroxyl groups as do the former. (For theoretical dis¬ 
cussion of some analogous reactions, see pages 652 f.) Moreover, 

**I, E. Muskat and H. E. Northrup, J. Am. Chem. Soc. 52, 4043 (1930). 

A. A. Levine and A. G. Cole, J. Am. Chem. Soc. 54, 338 (1932); J. P. Wibaut and P. 
W. Haayman, Nature, 144, 290 (1939). 

26 Cf. L. F. Fieser and W. C. Lothrop, J. Am. Chem. Soc. 57, 1459 (1935). 
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N-methyl- 7 -pyridone, which presumably resonates among the struc¬ 
tures XXI, XXII, and XXIII, undergoes none of the typical reactions 
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of either a ketone or a tertiary amine, although structure XXI is cer¬ 
tainly much the most important of the three.The two further struc¬ 
tures XXII and XXIII have very wide separations of charge, which 
render them relatively very unstable. Moreover, if these structures were 
of major importance, the dipole moment of the substancje should be 
several times as greiat as is observed. (See also pages 038 f.) In 
most if not all of these instances, satisfactory interpretations of the facts 
can be obtained from more elaborate considerations of the reactions in 
question, with particular emphasis upon their probable detailed mecha¬ 
nisms. Such further complications cannot, however, be profitably dis¬ 
cussed here.^^ 

10*11 Interaction Terms. It is now desirable to consider, in 
greater detail than would have hitherto been convenient, the reason why 
each property of a resonating molecule is not simply the weighted (arith¬ 
metic) mean of the corresponding properties of the contributing stnic- 
tures. For the sake of simplicity, the discussion will be restricted to a 
substance (like hydrogen chloride) for which only two structures (like 
stmctures I and II) need be taken into account; the generalization of 

H— Cl H+cr 

I II 

the treatment to more complex situations should be obvious and can 
therefore be left to the interested reader. 

In Section 10-5, it was stated that, if the wave function of a molecule 
is represented by the symbol then the average distribution of electric 
charge in this molecule is defined by the function P, which is equal 

Cf. N. V. Sidgwick, T. W. J. Taylor, and W^ Baker, The Organic Chemistry of Nitrogen^ 
Oxford University Press, Oxford, 1937, pages 530 if. 

^ For further discussion of the effects of resonance upon chemical reactions, see G. W. 
Wheland, The Theory of Resonance, John Wiley and Sons, New York, 1944, Chapter 8. 
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(equation 10*24) to the product of ^ and its complex conjugate 

P = (10*24) 

Now, if the molecule is considered to resonate between any two stnic- 
tures R and S (which need not here be specified), its wave function is 
expressed as a linear combination (equation 10 -25) of the functions 

yp = ar\pr + (10-25) 

and \ps that are set up to represent, respectively, the structures R and S. 
(See Section 10*5.) The function P, which defines the average charge 
distribution in the resonance hybrid, therefore now assumes the form 
shown in equation 10-20, in which the asterisks, as before, denote the 

P - Va + + ^r^aVr^a* (10-20) 

complex conjugates of the respective constants or functions. This func¬ 
tion P, however, is not the weighted arithmetic mean of the functions 
\pr*Pr and Va, wliich separately describe the charge distributions asso¬ 
ciated wfith the structures R and S; the w^cighted mean is instead the 
different function P' (equation 10*27), in wdiich the constants ar*ar and 

P' = ar^ariPr^Pr + (10*27) 

Gs'^as are the respective ^Sveights^^ of the two distributions involved. 

The terms ar*as\pr*i^s and aras^ypr'Ps*, which appear at the right of 
equation 10*20, and which keep the function P from being identical 
with the function P', arc conveniently said to represent the ^interaction^' 
between the two structures R and S, Analogous interaction terms occur 
also in the quantum-mechanical calculation of other properties besides 
the average charge distribution. In no such instance, therefore, is the 
calculated property of the resonance hybrid exactly equal to the weighted 
arithmetic mean of the corresponding properties that are associated with 
the individual structures. There is thus a possibility that, if the interac¬ 
tion terms are sufficiently large, the hybrid may not even be intermediate, 
with respect to the corresponding property, between the resonating struc¬ 
tures. This possibility is, in fact, realized in every calculation of 
molecular energy; for, since the resonance energy is always positive 
(Section 10*10), the energy of the hybrid molecule is always lower 
than that of either structure alone.^® (If the now threadbare analogy of 
the mule may once more be invoked, it may here be noted that this 
animal is, by popular report, more stubborn than is either of its parents.) 

For a theoretical discussion of the complex problem of the effect of resonance upon 
force constants, see C. A. Coulson and H. C. Loiiguet-Higgins, Proc, Roy, Soc, (London) 
A193, 447, 456 (1948). 
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The resonance energy itself is, of course, due to the occurrence of inter¬ 
action terms in the calculation of the energy; these terms are completely 
analogous to, but are naturally not identical with, the ones which occur 
in the calculation of the average charge distribution. If, with any specific 
structures, the energy interaction U^rms are found to be equal to zero, 
the resonance energy must also be eciual to zcjro; in fact, since the struc¬ 
tures are then not coupled with one another, resonance does not take 
place at all. This last statement defines the nature of the coupling, 
which was discussed from a more qualitative point of view in Sections 
10*7 and 10-9. 

Aside from the total energy, however, most properties of a resonating 
molecule are usually intermediate between the corresponding properties 
of the contributing structures. Several examples illustrating this gen¬ 
eralization have already been given. (Cf. page 39G and also the 
references to earlier chapters that are listed in Section 10 *1.) Indeed, 
it appears legitimate in any qualitative discussion to assume that every 
property (except the total energy) is always thus intermediate. This 
assumption has, in fact, been made throughout both this and the preced¬ 
ing chapters, and it will also be made throughout the following chapters. 

Attention should here be called to the fact that the above discussion of interaction 
tertns refers only to the prop<3rties of individual molecsules. Clearly, therefore, none 
of the conclusions reached can be directly applied to purely chemical properties 
(cf. Section 10* 10), since these involve interactions among different molecules; or 
to such physical properties as the melting point, boiling point, vapor tension, density, 
surface tension, and viscosity, since these are characteristic not of the individual 
molecules, but of the substance in bulk. 
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11*1 The Factors Which Influence Chemical Properties. One 

of the major goals of chemistry will not be achieved until, from theo¬ 
retical considerations alone, it is possible to cahnilato quantitatively the 
rate at which any desired reaction proceeds, the position of the equilib¬ 
rium which this reaction finally reaches, and the ways in which both the 
rate and the equilibrium depend upon the experimental conditions. Al¬ 
though the kno^\^l laws of physics are in principle sufficient to permit 
such calculations to be made, the mathematical comph^xity of the prob¬ 
lem is in practice so great that the calculations in question cannot acrt u- 
ally be performed for more than a negligible number of extremely simple 
reactions. At the present time, therefore, only qualitative or, at best, 
semiquantitative treatments are ordinarily possible. Siudi tn^atments, 
although they are not as complete as might be desired, may neverthe¬ 
less be very useful, since they often lead to an understanding of the 
relative values of rate and equilibrium constants, and since they often 
explain those changes in the rate and equilibrium constants which are 
caused by structural or configurational modifications of the reactants. 
(Examples are given in the following sections.) 

It is now generally believed that the three most important factors 
which influence the rates and equilibria in chemical reactions are (1) 
steric effects, (2) resonance, and (3) electrostatic interactions. In the 
two preceding chapters, the steric and the resonance factors were dis¬ 
cussed; in this chapter, the electrostatic factor will be considered. (For 
still further discussion of electrostatic interactions, see Sections 1*3-1 • 15 
and 10*9.) 

The steric, the resonance, and the electrostatic factors are frequently 
assumed not only to be sharply distinguishable and entirely independent, 
but also to be sufficient to account for all stnictiiral effects. Actually, 
however, steric repulsions are themselves the results of electrostatic 
forces (cf. Section 1*15); furthermore, since most dipoles can be de¬ 
scribed as due to resonance between covalent and ionic structures (cf, 

^ This chapter is based upon a memorandum which was kindly prepared for the author 
by Professor F, H. Westheimer. 


434 



Sec. 11 *2 Ionization Constants and Reaction Rates 435 

Section 1 • 10), many electrostatic interactions can be regarded as special 
types of resonance effect. Evidently, therefore, the three factors listed 
are neither sharply distinguishable nor entirely independent. Finally, 
it should be noted that any treatment which is based upon a considera¬ 
tion of only these factors cannot be complete unless each of the factors 
is further subdivided into an energy and an entropy effect; such a refine¬ 
ment, however, will not here be attempted. 

11-2 Electrostatic Effects upon Ionization Constants and Re¬ 
action Rates.^ The clearest examples of electrostatic effects come from 
the consideration of ionization eciuilibria. The equilibrium constants 
for the reactions 111 and 11*2 have been measured in alcohol ® and in 

+ CoHs—NII 2 ^ 

CeHs—(^02“ + Cellr—NHa-*- ( 1 M) 
(^ollrz-f^OsII + o-02N-~CJl4—CO2- 

CcMr—CO^^ + o-()2N- C 6 TT 4 —CO 2 IT (11-2) 

wiltin' as solvent. The data, presented in Tablt* HI? «ho\v that, when 

TABLE IM 

The Effect of tee Sotvent upon Two Different Types of 
Ionic F^gciijBRiUM 

Equilihriiim Constant 

Reaction of Equation In AlcohoE 

IM 1.5X10“'^ 

11-2 1.5X10-“ 

the solvent is changed from alcohol to water, the equilibrium constant 
for reaction 11-1 is increased by a factor which is greater than 10*^; but 
that the equilibrium constant for reaction 11 *2 is essentially unaltered. 

The example just cited is one where the large controlling influence is 
electrostatic. In reaction 11 1, the reactants are uncharged, whereas 
the products are oppositely charged. The two ions which are formed in 
this reaction strongly attract each other; in fact, the reaction can pro¬ 
ceed to the right only because the electrostatic interaction between the 
ions is diminished by the action of the solvent. This effect of the solvent 
can be considered from two superficially different points of view. In the 

® For a discussion of the effects of resonance upon ionization constants and reaction 
rates, see, respectively, G. W. Wheland, The Theory of Resonance, John Wiley and Sons, 
New York, 1944, Sections 7 >2-7 *4, and Chapter 8, 

» H. Goldschmidt, Z, physik, Chem. 99, 116 (1921), 


In Water Ratio 

2.7 1.8 X 10'^ 

0.95 X 10“2 0.6 
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first place, the dielectric constants of water and of alcohol (at room tem¬ 
perature) are approximately equal to 80 and to 24, respectively, whereas 
that of vacuum is equal to 1; therefore, the electrostatic forces, which 
are inversely proportional to the dielectric constant, are much smaller 
when the ions are dissolved in either of these solvents than when the ions 
are in the gaseous state. In the second place, when the ions are in solu¬ 
tion, they are greatly stabilized by solvation. (Cf. Sections 1-0 and 
1*12.) The two points of view are, however, not independent of one 
another since, in general, the only solvents which have especially high 
dielectric constants are the ones in which ions are strongly solvated. 
That such a relation should exist is hardly surprising. Indeed, a solvent 
can have a high dielectric constant only if it is extensively associated; 
hence, since such a solvent can therefore be said to ^'solvate itself,^^ it 
should be even more effective in solvating electrically charged molecules 
(i.e., ions). If, for this reason, the dielectric constant is considered to be 
a sufficient measure of the extent to which the solvent shields ions from 
one another, the dependence of the equilibrium in equation 11*1 upon 
the solvent can be readily interpreted. Thus, the attraction between 
the oppositely charged ions that appear on the right side of this equa¬ 
tion is much smaller when the solvent is water (with a dielectric constant 
of about 80) than it is when the solvent is alcohol (with a dielectric con¬ 
stant of about 24). On the other hand, the change in solvent has little 
or no effect on the electrostatic interaction of the uncharged reactants 
that appear on the left side of the equation. It therefore follows that the 
equilibrium shown in equation 11*1 must be displaced toward the right 
when the solvent is changed from alcohol to water. 

The significant feature of the reaction sho^vn in equation 11 • 1 is here 
that each of the reactants is electrically neutral, whereas each of the 
products is charged. Clearly, therefore, the further reaction shown in 
equation 11*2 is of an entirely different type. In this latter reaction, 
one of the reactants is charged, whereas the other is uncharged; like¬ 
wise, one of the products is charged, whereas the other is uncharged. 
Since the electrostatic interaction between a charged and an uncharged 
particle is much smaller than is that between two charged particles, and 
since the interaction between the reactants in equation 11*2 is at least 
approximately balanced by that between the products, the equilibrium 
constant is here (relatively) little affected by the change of solvent. It 
is, in fact, a general rule that two acids of the same charge type (e.g., 
benzoic acid CeHs—CO 2 H and o-nitrobenzoic acid 0 -O 2 N—C 6 H 4 — 
CO 2 H) have approximately the same relative strengths in two different 
solvents; and hence that equilibria of the type 11-2 are not greatly af¬ 
fected by the solvent in which such reactions are carried out. On the 
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other hand, it is also a general rule that acids of different charge type 
(e.g., benzoic acid CeHs—CO 2 H and the anilinium ion CeHs—NHs”^) 
vary considerably in relative strength when the solvent is changed; and 
hence that equilibria of the type 11-1 are greatly affected by the solvent. 
In the latter event, the change is large and is in the direction that is 
predicted by the simple electrostatic theory. (Cf. also the paragraph in 
fine print on page 78.) 

A similar effect of solvent on reaction rate has been traced to an electro¬ 
static effect. The solvolytic reactions shown in equations 11*3 and 11*4 

(CH3)3C-~C1 + H 2 O (CIl 3 ) 3 C—OH + HCl (11-3) 

(CH 3 ) 3 C—Cl + CII 3 OH (Cll 3 ) 3 C—OCII 3 + HCl (11*4) 

involve only neutral reactants. It has, however, been shown that the 
cation (CH 3 ) 3 C'‘“ is an intermediate in these reactions; the formation of 
this ion (equation 11*5) is the common rate-determining step of the re¬ 
actions. During the solvolysis, a positive and a negative ion are there- 

(CH 3 ) 3 C—Cl (CH 3 ) 3 C+ + Cl- (11-5) 

fore produced from a neutral molecule. (This conclusion is frequently 
expressed in an equivalent manner by the statement that the activated 
complex for the reaction has a high dipole moment.) The separation of a 
positive from a negative charge will proceed most readily when the di¬ 
electric constant of the solvent is greatest. It is therefore not astonish¬ 
ing that, at 25°C, the solvolysis proceeds 30 times as fast in a solvent 
consisting of 57 mole per cent methanol and 43 mole per cent water as it 
does in a solvent consisting of 93 mole per cent methanol and only 7 mole 
per cent water.^ 

Reactions of the type shown in equations 11*3 and 11*4 are occasionally, and for 
special reasons, conducted in mixed solvents, or even in nonpolar solvents. Thus, 
it may happen that the reactants are not sufficiently soluble in any pure highly 
polar solvent, or that certain undesirable side reactions can be avoided only in some 
nonpolar solvent, or the like. In the absence of such factors, however, these ^'polar** 
reactions must, for electrostatic reasons, proceed best in solvents of high dielectric 
constant. 

Electrostatic interactions are responsible not only for the solvent ef¬ 
fects which have just been discussed, but also for many of the effects 
which substituents exert upon rates and equilibria. It is, in fact, in this 
latter field that most of the quantitative research has been done. The 
subject can conveniently be introduced by a consideration of two ex¬ 
amples: a comparison of the first and second ionization constants of 

* A. R. Olson and R. S. Halford, J. Am. Chem. Soc. 59 , 2644 (1937); G. Scatchard, J. 
Chem. Phys. 7 , 667 (1939). 
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adipic acid ; and a comparison of the ionization constants of chloroacctic 
acid and of acetic acid. 

In the first example, the acid strengths of adipic acid, 1, and of the 

HO2C—CII2—CHa—CHa—(II2—C^ 02 H 

I 

univalent adipate ion, II, are compare^d with one another. These two 

HO2C—CII2—CH2--CH2—CH2—CO2" 

II 

acids are certainly very similar; they differ, however, in two respeerts, 
of which one is statistical and the other is electrostatic. The statistical 
factor arises because there are two ionizable protons in un-ionized adipic, 
acid, I, but only one such proton in the singly charged ion, II; and Ix?- 
cause there are two negatively charged carboxylate groups in the doubly 
charged anion, III, but only one such group in the acidic anion, II. In 

~ 02 C—CH2—CH2—CII2—CH2—C 02 ~ 

III 

the absence of all electrostatic effects, this statistical fa(;tor would make 
the first ionization constant of any symmetrical dibasic acid (such as 
adipic acid) exactly 2 X 2, or 4, times as large as the second ionization 
constant of the same acid.^' ^ The fact that the observed ratio of ioniza¬ 
tion constants is always greater, and is frequently much greater, than 
4 is the result of the second (electrostatic) factor. Thus, the work which 
is required to transform adipic acid, I, into the singly charged adipate 
ion, II, is that expended in pulling one of the two ionizable protons away 
from its corresponding carboxyl group. On the other hand, the work 
which is required to transform the singly charged adipate ion, II, into 
the doubly charged ion. III, includes not only the work expended in 
pulling the remaining ionizable proton away from its own carboxyl 
group, but also that expended in removing this proton to an infinite 
distance from the negatively charged carboxylate group which was 
formed in the first step of the ionization. If this latter electrostatic ef¬ 
fect did not exist, the amounts of work which would be required for the 
two stages of ionization with such a symmetrical dibasic acid would be 
equal; hence the two ionization constants would differ only by the above- 
mentioned statistical factor of 4. Since, however, the electrostatic ef¬ 
fect exists and is far from negligible, the work which is required for the 
first ionization is appreciably less than is that which is required for the 
second; hence, the ratio of the first ionization constant to the second is 

« E. Q. Adams, J. Am, Chem. Soc. 38, 1603 (1916). 

® N, Bjemim, Z. physik, Chem, 106 , 219 (1923). 
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somewhat greater than 4. At 25°C, the observed values of the two 
ionization constants in aqueous solution ^ are, respectively, 3.70 X 
and 3.86 X 10“^; the experimental ratio is therefore 9.6. 

The second example of the effect which electrostatic interactions exert 
upon acid strengths consists in a comparison of the ionization constant 
of chloroacetic acid, IV, with that of acetic acid, V. Here, the molecule 

Cl—CH 2 —CO 2 H H—CH 2 —CO 2 H 

IV V 

of the former substanc.e contains a dipole (namely, that of the carbon- 
(ihlorine bond) \vhi(;h is not present in the molecule of the latter sub¬ 
stance. Since this carbon-chlorine dipole has its positive and negative 
ends at the carbon and chlorine atoms, respectively, of the chloroacetic 
a(^id molecule, its positive end is therefore closer to the ionizable proton 
than is its negative end; hence, the proton is repelled by the dipole, 
(('f. structure Vll on page 445.) Since less work is therefore required 
to remove the proton from the molecule of chloroacetic acid than from 
the one of acetic acid, chloroacetic acid is a stronger acid than is acetic 
acid. The observed values of the respective ionization constants at 
25'^C in aqueous solution arc approximately 1.5 X 10“^ and 1.8 X 10"“®; 
the ratio is therefore approximately 0.8 X 10^. 

This latter ratio is greater than is that of the first and second ioniza¬ 
tion constants of adipic acid (see above), even though the interaction 
between a proton and a dipole is usually smaller (other factors being 
equal) than is that between a proton and a charge. The reason for this 
apparent discrepancy is, of course, that the distance between the 
ionizable proton and the dipole in the molecule of chloroacetic acid is 
much less than is that between the corresponding proton and the charged 
carboxylate group in the univalent adipate ion. 

The electrostatic effects which make adipic acid a stronger acid than 
the singly charged adipate ion, and which make chloroacetic acid a 
stronger acid than acetic acid, also influence reaction rates. Thus, in the 
alkaline hydrolysis of a carboxylic ester, the negative hydroxide ion must 
be brought into the neighborhood of the carboalkoxyl group; moreover, 
during the reaction, this ion is necessarily subject to whatever electro¬ 
static fields may exist in the ester molecule. The hydrolyses of diethyl 
adipate, VI, and of monoethyl adipate, VII, provide a convenient il- 

C 2 H 5 —O 2 C—CII 2 —CH 2 —CH 2 —CH 2 —CO 2 —C 2 H 5 

VI 

C2H5—O2C—CH2—CII2—CH2—CH2—^0020 

VII 


^ I. Jones and F. G. Soper, J. Chem. Soc. 1936, 133. 
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lustrative example. In each of the two reactions (equations 11*6 and 

C2H5—O2C—(CH2)4—CO2—C2H5 + OH~ 

C2H5—O2C—(CH2)4—C02~ + HO—C2H5 (11 • ()) 

11 * 7 , respectively), the hydroxide ion must be brought up to a carbo- 

C2H5—O2C—(CH2)4—C02^ + OH- 

“-O2C—(CH 2 ) 4 —CO2- + HO—C2H5 (11 • 7 ) 

ethoxyl group. In the latter reaction (equation 11 * 7 ), however, the ion 
is repelled by the negative charge on the ester anion, VIII, whereas, in 

C2H5—O2C—CH2—CH2—CH2—CH2—002“ 

VIII 

the former reaction (equation 11*6) no corresponding repulsion exists. 
If this electrostatic effect could be ignored, monoethyl adipate, VII 
(which contains only one carboethoxyl group per molecule), shotild be 
hydrolyzed just half as fast as is diethyl adipate, VI (which contains two 
carboethoxyl groups per molecule). Since, however, the repulsion is not 
negligible, and since it acts only in the ester anion, VIII, and not in the 
neutral ester, VI, its effect is to make the rate of hydrolysis of mono¬ 
ethyl adipate less than half that of diethyl adipate. Experimentally,®*® 
the rate for the former ester in dilute aqueous solution at 20°C is about 
one-fifth as great as is that for the latter ester under the same condi¬ 
tions. A similar analysis of the effect of the carbon-chlorine dipole in 
ethyl chloroacetate, IX, explains also why this ester is saponified more 
rapidly than is ethyl acetate, X. 

Cl—CH2—CO2—C2H5 H—CH2—CO2—C2H5 

IX X 

11*3 More Quantitative Treatments of Electrostatic Effects. 

The reaction which is depicted in equation 11*8 may be described as the 

HO2C—(CH2)4—C*02H + -O2C—(CH2)4—C*02“ 

“OzC—(CH2)4—C*02H + HO2C—(CH2)4—C*02“ (11 *8) 

transfer of a proton (through the solvent) from a molecule of un-ionized 
adipic acid, I, to one of the corresponding doubly charged anion, II; in 

HO2C—CH2—CH2—CH2—CH2—CO2H 
I 

» C. K. Ingold, /. Chmi. 80 c. 1931, 2170. See also C. K. Ingold, ibid, 1930, 1375; C. K. 
Ingold and H. G. G. Mohrhenn, ibid, 1936, 1482. 

• F. H. Westheimer, W. A. Jones, and R. A. Lad, J, Chem. Phys, 10, 478 (1942). 



Sec. 11*3 Quantitative Treatments of Electrostatic Effects 441 


O2C—CH2—CH2—CH2—CH2—CO2 

II 


this equation, the asterisks designate the carboxyl and carboxylate 
groups which are to be thought of as not directly participating in the re¬ 
action. As is shown in equation 11 - 9 , the equilibrium constant K for 

_ (H02C-(CH2)4-C02-)" _ 

(HO2C—(CH2)4—C02H)(-02C—(CH2)4—CO2-) 

_ (H+)(H02C-(0112)4—CO2-) /(H+)(-02C—(CH2)4—CO2-) 
(H0^^(CH2)4—C02H)~ /' (IIO2C—(CH2)4—C02~) 


K 2 


( 11 . 9 ) 


this reaction is equal to K1/K2, where K\ and K2 are, respectively, the 
first and second ionization constants of adipic acid. Moreover, the 
standaitl free energy AF° of the reaction is, of course, related to the 
equilibrium constant K by the familiar thermodynamic equation 11 • 10, 


AF’^^-RTlnK ( 11 - 10 ) 


in which R is the gas constant and T is the absolute temperature. Hence, 
it follows that the problem of calculating the ratio Kx/K^ of the two 
ionization constants of the dibasic acid is equivalent to the one of cal¬ 
culating the standard free energy AF° of reaction 11-8. 

It is convenient to think of the total free energy A.F° of reaction 11-8 
as the sum of three independent terms (as in equation 11 • 11). The first 

= aF®! + AF°2 + AF“3 (11 • 11) 

of these terms, AF°i, is due to the statistical factor which was mentioned 
on page 438 . Since this factor has the effect of multipl3dng the ratio 
Kx/K^ by 4, it contributes to AF° a term which is equal to —RT In 4 
(cf. equation 11 - 10 ); the value of AF°i is therefore that shown in equa¬ 
tion 11-12. 

AF°x=-RT]ni ( 11 - 12 ) 

The second of the three terms, AF°2, which make up the total free 
energy AF° is equal to the work which would have to be performed in 
the reaction if the proton which is transferred from the one molecule to 
the other were not acted upon by the electrostatic fields of the par¬ 
ticular carboxyl and carboxylate groups which are distinguished in equa¬ 
tion 11-8 by the asterisks. In other words, this second term is equal to 
the work which would be required if the carboxyl and carboxylate 
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groups, which have the asterisks, and which do not directly participate 
in the reaction, were not present at all. Clearly, the work involved in 
such a reaction would be essentially the same as that involved in re¬ 
action 11*13; since in this latter reaction, however, the products are 

H—(CH 2 ) 4 —COoH + H—(CH2)4—C02~ 

II—(CH 2 ) 4 —C 02 ~ + 11—(CIl 2 ) 4 —CO 2 TI (1M 3) 

identical with the reactants, the work involved here is necessarily zero. 
^^he quantity AF °2 must therefore be at least approximately eciual to 
zero, as in equation 11-M. 

= 0 (IM^t) 

The third term, AF®^, which contributes to the standard free energy 
AF® of reaction 11-8, arises because the proton which is transferred 
must, of course, actually interact with the electrostatic fields of the 
carboxyl and carboxylatc groups Avhich are distinguished by the astc^r- 
isks. This last term is therefore the one which was discussed quali¬ 
tatively in the preceding section, and which is responsible for the fact 
that the ratio K\/K 2 is greater than 4. The magnitude of AF °3 was 
first successfully calculated (for several analogous s.ymmetrical dibasic 
acids, but not for adipic acid itself) by Bjermm,® upon whose pioneering 
work is based all the subsequent quantitative investigations of the ef¬ 
fects of electrostatic interactions upon ionic equilibria. 

The derivation of Bjerrum^s fundamental equation is almost obvious. 
Thus, reaction 11-8 can be imagined to proceed in two steps. In the 
first step, the proton of interest is removed to an infinite distance from 
the anion. III, to which it was originally linked; in the second step, this 

-OaC—CII 2 —CH 2 —CH 2 —CH 2 —C^OaH 

III 

proton is brought from infinity to the position which it finally occupies 
in the resulting anion, IV. Consequently, AF °3 is the sum of the energy 

HO 2 C—CH 2 —CH 2 —CH 2 —CH 2 ~C* 02 “~ 

IV 

that is needed (in the first step) to remove the proton from the electro¬ 
static field of the neutral carboxyl group —C* 02 H, plus the energy that 
is needed (in the second step) to bring the proton back into the field of 
the carboxylate group —C'^ 02 ‘~. The original distance of the proton 
from the group —C* 02 H is, of course, the same as its final distance from 
the group —C* 02 ”“; this distance will hereafter be designated as r. 
Now, as a first approximation, the carboxyl group —C* 02 H can be con- 
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sidered to consist of a carboxylate group — 0 * 02 "“, plus a proton (which 
is, of course, not the one that is transferred in the reaction). The first 
step of the reaction therefore involves the removal of a proton from the 
field of both a carboxylate group — 0 * 02 “" and a second proton, whereas 
the second step involves the return of the proton into the field of a dif¬ 
ferent carboxylate group. Since, as was noted above, the initial and 
final distances are equal to each other and to r, the effects of the fields 
due to the different carboxylate groups cancel one another, and only the 
effect of the field due to the proton (of the carboxyl group —C* 02 H) re¬ 
mains. Hence, AF°s i« equal to the work that is needed to increase the 
distancje between two protons from r to infinity. According to classical 
electrostatic theory, this work has the value, per molecule, which is 
shown in equation 11 • 15; in this equation, e is the charge on the proton 

A/.- = (11.15) 

Dr 

(4.80 X 10”^^ electrostatic unit of charge), and D is the dielectric con¬ 
stant of the surrounding medium. 

('ombination of equations 11-11, 11*12, 11*14, and 11*15 leads to 
equation 11 • IG, in which X is Avogadro^s number. Combination of this 

Ne^ 

= -~A'rin4 + 0- (IMG) 

Dr 


last ecpiation with ecpiations 11*9 and 11*10 leads in turn to the two 
equivalent equations 11*17 and 11*18, from either of which the ratio 

Ky Ne^ 

AF° = -RT In K = -RT In — = -RT In 4 -(11*17) 

K 2 Dr 


Ki Ne^ 

In - - -- 

4A'2 RTDr 


(IMS) 


K 1 /K 2 can be calculated if the protonic charge c, the dielectric constant 
D of the solvent (water), and the distance r are known. In practice, 
however, precise values are available only for the first two of these 
quantities, since the distance r varies within rather wide limits as rota¬ 
tion occurs about the carbon-carbon single bonds in the mole^cule. In 
fact, if the molecule is extended as completely as possible, the distance 
between the two carboxyl groups in the molecule of adipic acid is about 
9.0 A; if the molecule is coiled round upon itself, the distance could be 
reduced to 0 A if it were not for the repulsive forces that act between 
atoms which are not bonded to one another (cf, Sections 1 • 15 and 9*6), 
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and finally, if there is completely free rotation about every bond, the 
average distance is about 5.6 A. 

In view of this uncertainty in regard to the value of the distance r 
for a molecule of a dibasic acid that is dissolved in water, Bjerrum^s 
calculation is most conveniently inverted; thus, from equation 11*17 
(or 11-18), and from the measured values of K 1 /K 2 J e, and D, the dis¬ 
tance r is found to be equal to 8.1 A. This value is, of course, entirely 
reasonable; in fact, it is intermediate between the values corresponding 
to free rotation and to complete extension. The fact that such a simple 
theory therefore gives results which not only are of the correct order of 
magnitude, but also are quantitatively satisfactory, confirms the sup¬ 
position that the ratio of the ionization constants in adipic acid is con¬ 
trolled by an electrostatic effect. It should here be mentioned, however, 
that for several other symmetrical dibasic acids, such as oxalic acid, V, 

HO 2 C—CO 2 H IIO 2 C—C(CH 3 ) 2 —C(CH 3 ) 2 —CO 2 H 

V VI 

and tetramethylsuccinic acid, VI, Bjernim^s equation gives very poor 
results. (More particularly, it gives values of r which are much too low. 
See below.) 

A treatment that is similar to Bjemim^s was developed by Eucken for 
acids with dipolar substituents.^® In chloroacetic acid, for example, the 
ionization is increased by the electrostatic interaction between the 
ionizable proton and the carbon-chlorine dipole. (Cf. page 439.) The 
quantitative treatment is based upon a consideration of reaction 11-19, 

Cl—CH 2 —CO 2 H + H—CH 2 —C02~ 

Cl—CH 2 —CO 2 - + H—CH 2 —CO 2 H (11 • 19) 

in which a proton is transferred from a molecule of chloroacetic acid to 
one of acetate ion. (Cf. equation 11-8.) An argument which is anal- 
ogolis to that used above with adipic acid now shows that the equilil)- 
rium constant K of reaction 11 • 19 is equal to Kc/Kay where Kc and Ka 
are, respectively, the ionization constants of chloroacetic acid and of 
acetic acid. Moreover, since no statistical factor is here involved, the 
difference between the free energies of ionization of chloroacetic acid 
and of acetic acid is equal to the work required to remove the ionizable 
proton of the chloroacetic acid from the electrostatic field due to the 
carbon-chlorine dipole. According to classical electrostatic theory, the 
value of this work, per molecule, is (c/* cos ^)/Dr^, where e is again the 
protonic charge, fx is the magnitude of the carbon-chlorine bond moment, 


"’A. Eucken, Angew. Chem, 4S, 203 (1032). 
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6 is the angle designated in stmcture VII, D is again the dielectric con- 

0 

r 
Cl 

VII 




stant of the medium, and r is the distance (likewise designated in struc¬ 
ture Vri) between the ionizable proton and the center of the carbon- 
chlorine dipole. The ratio Kc/Ka of the ionization constants for the 
two acids is therefore given by equation 11-20. When this equation is 


In 


Ka 


Nen cos 0 
"rTDv^ 


( 11 - 20 ) 


tested, it is found to give an unreasonably low value for r (about 0.6 A) 
if the dielectric constant D is assigned the value of 80, which is character¬ 
istic of the solvent (water). Good results can, in fact, be obtained only 
if a low dielectric constant, in the neighborhood of 1 to 5, is used. 
Smallwood suggested that a low dielectric constant is actually ap¬ 
propriate; although his formal argiunent is superficially quite different 
from that here given, it is equivalent to the statement that, since there 
is no solvent between the dipole and the proton in the molecule of chloro- 
acetic acid, the electrostatic effect is not transmitted through the sol¬ 
vent, but rather through the molecule, which is largely empty space, 
and which therefore has a low dielectric constant. 

This situation is not very satisfactory. In order to get semiquanti- 
tative agreement with experiment for the long-chain dibasic acids, Bjer- 
rum had to assume an effective dielectric constant of approximately 80; 
on the other hand, in order to get similar semiquantitative agreement 
with experiment for acids with dipolar substituents, Smallwood as¬ 
sumed an effective dielectric constant of 1. There can, however, be only 
one electrostatic law, and this single law should correctly predict the 
interaction of the ionizable proton both with a charged carboxylate 
group and with a dipole. 

Bjerrum’s treatment is based upon a model in which point charges 
(or dipoles) are assumed to be embedded in a uniform medium with a 
dielectric constant equal to that of the solvent (about 80 for water); and 
in which the existence of the molecules which carry the charges (or 
dipoles) is completely ignored. On the other hand, Smallwood’s treat¬ 
ment is based upon a different model, in which the point charges and 

« H. M. Smallwood. J. Am. Chen. Soc. U, 3048 (1932). 
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dipoles are assumed to be embedded in a molecule that is infinite in 
extent and that has a low dielectric constant; in this model, therefore, 
the solvent is completely ignored. Each set of assumptions is, of course, 
highly arbitrary and far from the tnith. 

Kirkwood and Scatc^hard proposed a more reasonable model for 
electrostatic problems; the application of this model to ionization 
equilibria was carried through by Kirkwood and Westheimer.^^ These 
authors assumed that the molecule is essentially a cavity in the solvent 
or, in other words, that it is a region into which the solvent cannot 
penetrate. For purposes of mathematical convenience, they assumed 
also that the cavity is either spherical or ellipsoidal. Surrounding the 
cavity, there is solvent with uniform (high) dielectric constant. Al¬ 
though this model is certainly crude, any model ^vhich admits the 
existence of both solute molecules and solvent must be a closer ap¬ 
proximation to reality than is a still simpler model which ignores either 
the one or the other. The relation between this more elaborate model 
and the earlier ones of lijerrum and of Smallwood is shown schematically 
in Figure 11-1. 

With the improved model of Kirkwood ct aZ., and with the laws of 
classical physics, both extremes (Bjemim^s and Smallwood^s) appear as 
limits which are approached by certain physical systems. The new 
equations, which arc too complex to be given here, automatically reduce 
to Bjerrum’s when the first and second ionization constants of a long and 
thin dibasic acid, like adipic acid, are compared ith one another, and 
to Smallwood ^s equation when the ionization constant of a short dipolar 
acid, like chloroacetic acid, is compared with that of the parent, unsub¬ 
stituted acid. The reason why the new model can thus approach two 
different limits is clear. The electrostatic field of a charge is inversely 
proportional to the distance; that of a dipole is inversely proportional to 
the square of the distance. (Cf., respectively, equations 11*18 and 
11 • 20.) Consequently, the region at some distance from a charge (where 
the dielectric constant is high) is of considerable importance, whereas 
only the region in the immediate vicinity of a dipole (where the dielectric 
constant is low) is of comparable importance. For a similar reason, 
Bjerrum's treatment might be expected to be inadequate also with a 
short tod fat dibasic acid, like oxalic acid, V, or tetramethylsuccinic 
acid, VI (see above); for, in the univalent anions derived from such 

G. Scatchard and J. G. Kirkwood, Physik. Z. 33,297 (1932); J, G. Kirkwood, J, Chem» 
Phya. a, 361 (1934). 

J, G. Kirkwood and F. H. Westheimer, J» Chem. Phya, 6,606 (1938); F. H. Westheimer 
and J. G. Kirkwood, {bid, 6, 613 (1938); F. H. Westheimer and M, W, Shookhoff, J, Am, 
Chem, Soc, 61, 665 (1939), 
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compounds, the electrostatic effects due to the charged carboxylate 
groups must act to a very considerable extent through the organic 
molecniles rather than through the solvent. 

In the quantitative (ialculations based on their theory, Kirkwood and 
Westheimer made a slight refinement of the model that was described 
above. The assumed cavity in the solvent is, of course, occupied by the 







Figure 11*1. Schematic representations of the models used in the various semi- 
quantitative treatments of electrostatic interactions, (a) Bjemim-Eucken model, in 
which the molecule is ignored; (6) Smallwood mcnlel, in which the solvent is ignored; 
(r) Kirkwood-Westheimer model, in which both the molecule and the solvent are 

represented. 

acid molecule and is thus not really empty space. Since it therefore 
contains matter, it must be somewhat polarizable. If the cavity were in 
fact empty space, its dielectric constant would be 1; if it were as polar¬ 
izable as is hexane, its dielectric constant would be 1.9; if it were as 
polarizable as is carbon tetrachloride, its dielectric constant would be 
2.2. The value that was chosen for all the calculations was 2. Although 
this choice somewhat affects the exact quantitative results, it does not 
change the essential qualitative features of the treatment, and it does 
not alter the conclusion that the single electrostatic equation, w^hich is 
based upon the above model, and which is derived from classical physics. 



448 


Electrostatic Effects in Organic Chemistry Sec. 11*3 


reduces for long-chain dibasic acids to Bjerrum^s equation, and for short 
dipolar acids to Smallwood’s. Some illustrative data are given in Table 


11 - 2 . 


TABLE 11*2 


Electrostatic Computations from Acid Strengths 


Acid 

Adipic 

Chloroacetic 


Computed Length of Acid Molecule in A 


Bjerrum’s 

Model 

Modified " 
Smallwood 
Model 

Kirkwood- 

Westheimer 

Fully 

Free 

{D = 80) 

{D = 1) 

Model 

Extended 

Rotation 

8.1 

635 

7.8 

9.0 

5.6 

0.6 

5.1 

3.0 

3.4 

3.0 


"Smallwood applied his equation only to acids with dipolar substituents; ho realized 
perfectly well that it would not apply to charge-charge interactions. The figure for adipic 
acid is given here to show that Smallwood’s equation (equation 11*17 or 11*18, with D 
equal to 1) is approximately valid only for a restricted class of acids. 


Even with the refinement mentioned in the preceding paragraph, the 
model of Kirkwood and Wcstheimer is still, of course, extremely crude; 
clearly, therefore, there is a possibility that a still better model could be 
devised. For example, the ^'electrical saturation” in the neighborhood 
of the ions might somehow be taken into account; however, data like 
those presented in Table 11-2 suggest that such improvements, although 
real, would not fundamentally change the qualitative aspects of the 
theory. 

The effects of electrostatic interactions upon the rates of chemical re¬ 
actions can also be treated in the above semiquantitative manner. Thus, 
if the rate constants for the alkaline hydrolyses of diethyl adipate, VIII, 

C2H5—02 C--<::h2 --€H2—CH2—CH2—^ 

VIII 

and of monoethyl adipate, IX (see pages 439 f.) are designated,respective- 

C2H5---02C---<:)H2-~<:jh2~^ 

IX 

ly, as ki and k 2 f then the ratio ki/k^ can be shown (in a manner that is not 
essentially different from the one in which equations 11-17 and 11-18 
were derived) to have the value given in equations 11*21 and 11-22. 
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hi NU 

In — = —- 

2 fc 2 RT 


( 11 - 22 ) 


The term In 2, which appears on the right side of equation 11*21, arises 
from a statistical factor, which is itself due to the fact that the diethyl 
ester, VIII, has two hydrolyzable carboethoxyl groups, whereas the 
monoethyl ester, IX, has only one such group; N is again Avogadro^s 
number; and the quantity U is the work, per molecule, which is needed 
to bring a hydroxide ion from infinity to the carboethoxyl group of the 
ester anion, X, against the electrostatic repulsion of the negatively 

Calls—02C~-CH2—CH2—CH2—CH2—C02~ 

X 


charged carboxylate group. (Since the hydrolyses wliich are now under 
discussion are considered to occur in basic solutions, the monoethyl 
ester, IX, is, of course, present in the form of its ion, X.) If Bjerrum^s 
model is used, the work U is equal to e^/Dr^ where D is the dielectric 
constant of the solvent and r is the distance between the carboethoxyl 
and carboxylate groups in the ion X; if Kirkwood and Westheimer’s 
model is used, the work is given by a more complicated expression. 
Since, however, the electrostatic interaction between the hydroxide ion 
and the carboxylate group is of the charge-charge type, and since, more¬ 
over, the ion X is long and thin, the two calculations lead to approxi¬ 
mately the same value of U. If use is now made of the fact that the ob- 
seiwed ratio ki/k 2 is equal to 5,®-® the computed value of the distance r 
is 7.7 A for Bjerrum’s model and 8.2 A for Kirkwood and Westheimer’s 
model. These two values are in satisfactory agreement both with each 
other and with the corresponding distances (see Table 11-2) which are 
derived from the ratio K 1 /K 2 of the first and second ionization constants 
of adipic acid. (By slightly modifying Bjerrum’s model, in a way which 
need not here be described, Ingold ® has obtained the further value of 
8.3 A for r.) 

In the calculation of relative rate constants, just as in that of relative 
ionization constants, it is possible to estimate the electrostatic effects of 
dipoles (and not merely those of ionic charges); the details of the cal¬ 
culations should now, however, be too obvious to require further dis¬ 
cussion here. Thus, at 6.G°C in aqueous solution, fer^-butyl chloro- 
acetate, XI, is hydrolyzed by hydroxide ion approximately 500 times as 

Cl—^CH2—CO 2 —C(CH3)3 H—CH 2 —CO 2 —C(CH3)3 

XI XII 

fast as is tert-h\xiy\ acetate, XII. From this ratio of rate constants, the 
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calculated distance between the carboalkoxyl group and the carbon- 
chlorine dipole in the chloroester, XI, is found to be 3.15 A if the model 
of Kirkwood and Westhcimer is adopted, but to be only 0.48 A if the 
model of Bjemim and Eucken is adopted; these values are quite close 
to the corresponding ones (see Table 11*2) which arc derived from the 
ratio of the ionization constants of chloroacetic acid, VII, and acetic 
acid. Once more, therefore, it is apparent that, for the (Calculation of the 
electrostatic eflects which are due to dipoles, the Kirkwood-Westheimer 
model is superior to the simpler Bjerrum-Eucken mod(4. 

F. H. Weatheiiucr and M, W. Shooklioff, J, Am, Chem. Soc, 62, 2(39 (1940). 
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Molecular Rearrangements 
The 1,2-Shift8 


12*1 Introduction. In C'hapter 4, attention was called to the fact 
t hat the principle of minimum structural change is not universally valid, 
inasmuch as many chemical reactions are accompanied by more or less 
drastic molecular rearrangements. In this chapter and in the following 
one, rearrangements of several different types will be surveyed, the sorts 
of reaction in which such rearrangements may be expected to occur will 
be listed, and the mechanisms that have been proposed in the attempt 
to account for the various anomalous reactions will be discussed.^ 

12*2 1,2-Shifts. A large number of molecular rearrangements can 
be described as resulting from so-called 1,2-shifts. In a purely formal 
sense, any such transformation (*an always be expressed by the general 
equation 12-1, in which an atom or group R, which is originally attached 


:A—B: 


R 


:A—B: 


R 


II 


( 12 . 1 ) 


to an atom A migrates to an adjacent atom B. Always at least some, 
and frequently all, of the pairs of electrons that are represented by the 
pairs of dots in the above structures I and II are to be considered em¬ 
ployed in the formation of covalent bonds to further atoms or groups that 
are not explicitly represented. The product of the reaction which is 
actually isolated in any given instance is seldom, if ever, the substance 
corresponding to structure II; ordinarily, it is instead a substance which 
can be thought of as derived from 11 by some further reaction not in¬ 
volving rearrangement. As should be obvious, equation 12*1 is not in¬ 
tended to describe the true mechanism of the rearrangement, but merely 
to express as generally and as compactly as possible the significant re- 

' For further discussions of molecular rearrangements, see W. Huckel, Theoretische 
Orundlagen der Organiachen Chemie, Akademische Verlagsgesellschaft, Leipzig, 1st ed., 
1931, 2nd od., 1934, Volume I, Chapter 6; E. S. Wallis in H. Gilman, Organic Chemistry, 
John Wiley and Sons, New York, 1st od,, 1938, Volume I, Chapter 8,2nd ed., 1943, Volume 
I, Chapter 12. 
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spect in which the principle of minimum structural change is violated 
in any reaction of the class now under discussion. The problem of 
mechanism will be discussed more fully in later sections of this chapter. 

The nature and scope of the 1 , 2 -shifts can be described most readily 
with the aid of specific examples, which will be chosen so as to illustrate 
the most important types of rearrangement belonging to this category. 
In each instance, it will be readily seen that the essential feature of the 
rearrangement is the 1 , 2 -shift depicted in equation 12 * 1 . 

The so-called pinacol (or frequently the pinacolone) rearrangement 
can be described by the general equation 12 * 2 , in which Q, R, S, and T 



( 12 . 2 ) 


represent either hydrogen atoms or hydrocarbon radicals (which may or 
may not carry substituent atoms or groups). The rearrangement is 
brought about most frequently by the action of strong acids, such as 
sulfuric acid; in some instances, it occurs also at higher temperatures 
either in the absence of a catalyst or in the presence of certain materials, 
such as alumina AI 2 O 3 which may be regarded as Lewis acids. (See 
Section 3*3.) 

The most familiar example of the pinacol rearrangement consists in 
the transformation of tetramethylethylene glycol, III (often called 

(CH3)2C-C(CH3)2 

I 1 

OH OH 
in 

simply “pinacol”) into methyl ter<-butyl ketone, IV (often called simply 

(CH 3 ) 3 C—CO-CH 3 CH 3 OH—CH 2 OH CH 3 —CHO 

IV V VI 

“pinacolone”). The reaction is, however, extremely general since the 
methyl groups of the pinacol. III, can be replaced by any of a number of 
other atoms and groups. Thus, ethylene glycol itself, V, gives acetalde¬ 
hyde, VI, over alumina at 200°C, in addition to other products formed 
by polymerization of the aldehyde. Moreover, aromatic as well as ali¬ 
phatic compoimds undergo similar reactions, as is shown, for example, 
by the rearrangement of 1,1-diphenyIethylene glycol, VII, to diphenyl- 
acetaldehyde, VIII, and of benzpinacol, IX, to benzpinacolone, X. 
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(C6H6)2C-CHa 

OH OH (C6Hs)2CH—CHO 

VII VIII 

(C6H5)2C-C(C6H5)2 

I I 

OH OH (C 6 H 5 ) 3 C—CO—CoHs 

IX X 

In addition to the pinacol rearrangements proper, shown generally in 
equation 12-2, there exist a number of closely related transformations 
which apparently belong to the same class of rearrangement. Thus, the 
monoethyl ether, XI, of 1 , 1 -dimcthylethylene glycol is changed into 

(CH3)2C-CHa (CH3)2C—C(CH3)2 

II II 

OH OC2H5 (CH3)2CH—CHO CH3—O 0 —CH3 

XI XII XIII 


isobutyraldehyde, XII, when heated to 110 °- 115 °C with anhydrous 
oxalic acid. Moreover, even the dimethyl ether, XIII, of pinacol gives 
pinacolone, IV, when heated to 140 °C with boron oxide B2O3. Ethylene 
oxides, which also may be considered ethers of the 1,2-^lycols, undergo 
entirely similar rearrangements. Thus, ethylene oxide, XIV, is changed 


CH 2 -CHa 

V 

xrv 


(CH 3 ) 2 C 


-C(CH 3)2 

\ / 


0 

XV 


CHaOH—CHaCl 

XVI 


into acetaldehyde, VI, over alumina at 200°C, and tetramethylethylene 
oxide, XV, is changed into pinacolone, IV, by strong acids. Ethylene 
chlorohydrin, XVI, on being heated, is converted partially into acetalde¬ 
hyde, VI; the methylphenylethylene iodohydrin, XVII, when treated 


CHg 



xvn 


CeHe—CHa—CO—CHs 

XVIII 


(CH3)2C-C(CH3)2 


Br Br 

XIX 


with mercuric oxide, is transformed into phenylacetone, XVIII. And 
finally, the action of water and lead oxide PbO at 140 '’- 150 °C upon 
2,3-dimethyl-2,3-dibromobutane, XIX, produces pinacolone, IV. (The 
rearrangements of amino alcohols, which also are analogous to those of 
the pinacols, will be described later.) 
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The retropinacol rearrangement can be represented by the general 
equation 12-3, in which Q, R, S, and T have the same significance as in 


S H 

I I 

Q-C—C—T 

I I 

R OH 


S 



(12.3) 


equation 12 - 2 . A simple example of the retropinacol rearrangement is 
given by the dehydration of methyl-^cr/-butyk*arbint)l (pinacolyl al¬ 
cohol), XX, to tetramcthylethylene, XXI, arul a//.s// 7 /f-rn(*thyHsopropyl- 

(CH 3 ) 3 C^CH 01 I—CHa (0113)20=0(0113)2 

XX XXI 

ethylene, XXII. When phosphoric acid on silica gel at 300°C' is used as 

(Cn3)2CH—O-CHo 

CH3 (0113)30-011=0112 

XXII xxrn 

the dehydrating agent, only a small amount of the expected fcrMnityl- 
ethylene, XXIII, is formed in the reaction. ^ 

The dehydrohalogenation of a halide, like the dehydration of an al¬ 
cohol, is often accompanied by a rearrangement (;f the retropinacol 
type. For example, the action of potassium acetate upon neopentyl 
iodide, XXIV, in absolute alcohol as solvent gives, in addition to the 

(CHshC—CHzl (CIl 3 ) 3 C—CH 2 —O—CO—CH 3 (CH3)2C=CHCH3 
XXIV XXV XXVI 

expected neopentyl acetate, XXV, the rearranged product trimethyl- 
ethylene, XKYU 

The retropinacol rearrangement, especially when it takes place with 
substances belonging to the class of compounds known as terpenes, is 
frequently called a Wagner y or a Wagner-MeerweiUj rearrangement. For 
example, both the dehydration of isobomeol, XXVII (by sulfuric acid, 
phosphorus pentoxide, zinc chloride, or the like), and the dehydro¬ 
halogenation of isobomyl chloride, XXVIII (by the action of bases or 

® P. C. Whitmore and P. L, Meunier, J. Am, Chem. Soc. 56, 372X (1933). 

* F. C, Whitmore, E. L, Wittle, and A. H. Popkin, J, Am. Chem. Soc. 61, 1586 (1939). 
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XXVII XXVIII XXIX 


even by simple h(iating), lead to eamphene, XXJX, and not to bornyl- 
ene, XXX. (Cf. pag:e 90.) (^mvt^rsely, th(» addition of hydrof^cm 


Clla Clla 



XXX XXXI 


chloride to (*-amphene leads first to eamphene hydrochloride, XXXI, 
which then rearranges to isobornyl chloride, XXVIII. 

Double-decomposition reactions which are very closely related to the 
above retropinacol rearrangements are also known. For example, the 
action of silver acetate upon neopentyl iodide, XXIV, in glacial acetic 
acid gives a little /cr/-amylacetate, XXXII, in addition to a great deal of 

CH 2 

/ \ 

HzC CHI 

(CH3)2C—C2H5 112^ ilTa 

O—CO—CH3 ^CIll 

XXXII XXXIII 

trimethylethylene, XXVT; * and that of silver nitrite upon cyclohexyl 
iodide, XXXIIT, leads to both nitrocy(;lohexane, XXXIV, and 1- 


CH2 

CH3 

/ \ 

1 

H,C CHNO2 

“ 1 1 

II2C-C—NO. 

1 1 

H2C CH2 

H2C CH2 

\ / 

\ / 

CH2 

CH2 

XXXIV 

XXXV 


* F. C. Whitmoro and O. H, Fleming, J• Chem, Soc, 1934, 1269. 
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methyl-l-nitrocyclopentane, XXXV. Similarly, the reaction between 
silver cyanate and isobutyl iodide, XXXVI, yields mostly ^ 6 T<-butyl 

(CH3)2CH—CH 2 I (CH3)3C—NCO (CH3)2CH—CH 2 —NCO 

XXXVI xxxvn XXXVIII 

isocyanate, XXXVII, and only a little isobutyl isocyanate, XXXVIII. 

Rearrangements of the foregoing type suggest the possibility of 
simple interchanges of halogen atoms and other atoms or groups, with¬ 
out the occurrence of any further reactions. One example of such a re¬ 
arrangement (that of camphene hydrochloride, XXXI, to isobomyl 
chloride, XXVIII) has already been mentioned; a further example is 
provided by the transformation of n-propyl bromide, XXXIX, into 

CH 3 —CH 2 —CIl 2 Br CH 3 —CHBr—CH 3 

XXXIX XL 

isopropyl bromide, XL, under the catalytic influence of aluminum bro¬ 
mide. That the presence of a halogen atom in the organic molecule 
which undergoes rearrangement is not essential to such reactions is 
shown by the fact that paraffin hydrocarbons also undergo similar 
transformations. For example, in the presence of aluminum chloride 
containing a little water, either cyclohexane, XLI, or methylcyclo- 


CH2 

CH3 

/ \ 

1 

IhC CH2 

cn 

1 1 

/ \ 

H2C CH2 

HaC CH2 

\ / 

1 ! 

CHa 

H2C - CH2 

XLI 

XLII 


pentane, XLII, is transformed into an equilibrium mixture of the two.^ 
In the rearrangement of a paraffin hydrocarbon, the presence of at least 
a trace of an olefin, or of something readily transformable into an olefin, 
is essential.® The function of the olefin is possibly to form an alkyl 
chloride RCl by reaction with the hydrogen chloride liberated from the 
aluminum chloride and water; this alkyl chloride may then combine 
with further aluminum chloride (cf. Section 2-5) to form the salt 
R^[AlCl 4 ]~, the cation of which is considered to be the effective reagent 
in producing the rearrangement. Frequently, the necessary hydrogen 
chloride is added as such to the reaction mixture; under such circum- 

* A. L. Glasebrook and W. G. Lovell, J, Am, Chem, Soc, 61, 1717 (1939). 

S. Bloch, H. Pinefl, and L. Schmerling, J, Am, Chem, Soc, 68 , 153 (1946); H. Pines 
and R. C. Wackher, ibid. 68 , 595 (1946); R. C. Wackher and H. Pines, ibid. 68 , 1642 
(1946). 
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stances the hydrolysis of the aluminum chloride is no longer essential. 
Frequently, also, the olefin is replaced by an alkyl chloride. Inasmuch 
as olefins and aJkyl chlorides are often present as impurities in paraffins, 
and inasmuch as only traces of these materials are required, the neces¬ 
sity that such substances be present was for a long time unrecognized. 

The role played by the water in the Isomerization of a paraffin hydrocarbon by 
aluminum chloride plus a trac(i of an olefin Is certainly not exclusively that suggested 
in the preceding paragraph. Thus, although the reaction does not proccjed satisfac¬ 
torily in the absence of both water and hydrogen chloride, it (occurs readily in the 
presence of water oven if the hydrogcm cliloride evolved is comx^lctely removed by 
evacuation of the reaction v(^ssel before the hydrocarbon is added. It lias been sug¬ 
gested tliat, when water is present, there is fornu'd some substance (pt^rhaps 
HO—AICI2) which is so powerful a catalyst that, unlike AICI3, it does not require 
t he aid of either hydrogen chloride or an alkyl chloride.® The reason for this greater 
activity of the partially hydrolyzed catalyst, however, is obscure*,. 

The Demjanow rearrangement, which frequently occurs when a pri¬ 
mary amine is treated with nitrous acid, proceeds in accordance with the 
general equation 12*4. The radical to which the amino group is joined 

s z 
I I 

Q—C—O-T 

I I 

R NH2 

in the original substance is usually either primary or secondary, since 
those primary amines in which the radical is tertiary ordinarily react 
with nitrous acid without rearrangement. (However, see the discussion 
below of the amino alcohols.) As an example of the Demjanow rear¬ 
rangement, the reaction between isobutylaminc, XLIII, and nitrous 

(CH 3 ) 2 CH—CH 2 NH 2 (CH 3 ) 2 CH—CH 2 OH (CH3)3C0H 

XLIII XLIV XLV 



acid may be mentioned. The alcoholic product consists of a mixture of 
isobutyl alcohol, XLIV, and ^er^-butyl alcohol, XLV, in the ratio of ap¬ 
proximately 1 to 3. In reactions of this type, the product frequently 
contains, in addition to the alcohols, also some olefin which can be 
thought of as derived from the alcohols. Thus, a-cyclobutylmethyl- 
amine (cyclobutanemethylamine), XLVI, gives both the expected cyclo- 


H2G—CH—CH2NH2 



XTWI 


H 2 C—CH—CH 2 OH 

Hji— 


XLVII 
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butylcarbinol, XLVII, and the rearranged cyclopentanol, XLVIII, as 

CH2 

/ \ 

H2C CHOH 

I I 

HzC-CHa 

XLVIII 

well as the two related hydro(5arbons, methylenecyclobutane, XLIX, 
and cyclopentene, L, respectively. Rings can be contracted as well as 

CH 

/ \ 

HgC CH 



HaC-CHa 

L 

expanded by this rearrangement, since cyclobutylamine, LI, has been 

HaC—CH—NHa CHa 

II / \ 

HaC—CHa HaC-CH—CHaOH 

LI LII 

found to produce cyclopropylcarbinol, LII, as well as cyclobutanol, 
LIII; and cyclopropylamine, LIV, gives only allyl alcohol, LV, with a 
^^2-membered ring.^' 

H2C—CHOH CH2 

I j / \ 

HaC—CHa HaC-CHNHa CHa=CH—CHaOH 

LIII LIV LV 

Amino alcohols in which primary amino gi’oups and hydroxyl groups 
are attached to adjacent carbon atoms undergo reactions which arc 
reminiscent of both the pinacol and the Demjanow rearrangements. 
Thus, the substance of structure LVI gives pinacolone, IV, on treatment 


(CH3)2C-C(CH3)2 


CH2—CH2 


OH NH2 

LVI 


OH NH2 

LVII 


with nitrous acid; and ethanolamine, LVII, gives acetaldehyde, VI. 
Moreover, amino alcohols of this type undergo similar transformations 
under the conditions of the pinacol, as well as under those of the Dem¬ 
janow, rearrangement. Thus, pinacolone can be obtained from the 
amino alcohol, LVI, by the heating of its hydrochloride as well as by the 
action upon it of nitrous acid. 
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The Hofmann rearrangement of the amide, LVIII, of a carboxylic 
acid,^ which takes place under the combined influence of alkali and a 
halogen X 2 , also can be classified as a 1,2-shift, as is shown by the se¬ 
quence of reactions 12*5. The haloamide, LIX, its sodium salt, LX, 

Na+ 

(12.5) 

LVllI LIX LX 

NT 

NrOH 

NaX + NaaCOa + HaN—R NaX + 0=C=N—R 

H2O 

LXII LXI 

and the isocyanate, LXI, are intermediates which can, in at least some 
instances, be isolated. Under the usual experimental conditions, how¬ 
ever, the amine LXII is often the only product obtained. Other products 
that frequently are isolated include the symmetrically disubstituted 
urea RNH—CO—NHR, which is formed from reaction between the 
amine LXII and the isocyanate LXI; the urethan RNH—CO—OR', 
which is formed from reaction between the alcohol R'OH, when this is 
used as solvent, and the isocyanate LXI; and (in the event that the 
radical R is primary and so representable as R"CH 2 ) the nitrile R"CN, 
which is formed as a result of oxidation of the amine LXII by the halogen 
X 2 . As examples of the Hofmann rearrangement, the reactions may be 
cited in wdiich acetamide, LVIII (with R equal to CH3), is transformed 
into methylamine in aqueous solution, or into N-methylurethan, LXIII, 

CH3—NH—CO— 0 —C2H5 CellfiNH—CO-NHCeHs 

LXIII LXIV 

in alcoholic solution; in which benzamide, LVIII (with R equal to 
CeHs), is transformed into aniline and into N,N'-diphenylurea, LXIV; 
and in which pelargonamide, LVIII (with R equal to n-CgHi;), is trans¬ 
formed into n-octylamine and n-heptyl cyanide.^ 

The Lossen rearrangement, which occurs when a hydroxamic acid, 
LXV (with Z equal to OH), or, more commonly, a derivative of a hy¬ 
droxamic acid is heated (frequently but not always in the presence of a 

^ For further discussion of the Hofmann rearrangement, see E. S. Wallis and J. F. Lane 
in It. Adams, Organic ReactUma, John Wiley and Sons, New York, Volume III, 1946. 
Chapter 7. 


o 


0 


" Xj I NaOH 

C—NHa C)—Nil 


R 


R X 


O 

C—N: 

1 I 

R X 
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base), and which may be represented by equation 12-6, is extremely 
O 

(>-NH -> 0==C=N—R + HZ -> RNHa + etc. (12-6) 

I I 

R Z 

LXV LXI LXII 

similar to the Hofmann rearrangement of an amide. * Examples of the 
Lessen rearrangement include the thermal decomposition of benzhy- 
droxamic acid, LXV (with R equal to CgHs and Z equal to OH), which 
gives, among other products, aniline and carbon dioxide; the action of 
bases upon dibenzhydroxamic acid, LXV (with R equal to CeHs and 
Z equal to CeHs—CO—O), which gives, under suitable conditions, 
phenyl isocyanate, LXI (with R equal to CgHs), aniline, carbon dioxide, 
and N,N'-diphenylurea, LXIV; and numerous other reactions of sim¬ 
ilar types. When, in structure LXV, Z is a halogen atom, the rearrange¬ 
ment is identical with the one of Hofmann. In all instances, the prod¬ 
ucts obtained are consistent with the view that the isocyanate, LXI, is 
always formed, although this substance can of course be transformed in 
familiar manners into an amine, a urea, or a urethan by the action of 
aqueous acids or bases, of an amine, or of an alcohol, respectively. 

The original hydroxamic acid, LXV (with Z equal to OH), can be made by the 
action of hydroxylamine H 2 NOn upon either the acid chloride or the ester of the 
corresponding carboxylic acid, in accordance with equation 12*7 or 12*8, respectively. 

RCOCl + 2 H 2 NOH RCO—NIIOH + [HsNOH]+Cr (12-7) 

RCO 2 C 2 H 6 + H 2 NOH -> RCO—NHOH + C 2 H 6 OH (12-8) 

The Curtins rearrangement of an acid azide, LXVI, which also occurs 
on simple heating, and which is shotvn in equation 12 • 9, appears to be 

0 

li 

c—Na 0=C=N—R + Nz (12-9) 

R 

LXVr LXI 

completely analogous to the Hofmann and Lossen rearrangements. 
The product is again an isocyanate, LXI.® 

® For further discussion of the Lossen rearrangement, see H. L. Yale, Chem, Rem, 83, 
209 (1943). 

• For further discussion of the Curtius rearrangement, see P. A. S. Smith in R. Adams, 
Organic ReactionSf John Wiley and Sons, New York, Volume III, 1946, Chapter 9. Cf. 
also H. Wolff, ibid., Chapter 8. 
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The structure of the azide group —Ns is best expressed as that of a resonance 
hybrid between structures LXVII and LXVIII.“ Acid azides can be made by the 

—N==N+=N : “■ —N N+^N: 

LXVII LXVIII 

action of sodium azide NaNs (a commercially available substance which is prepared 
by the reaction between sodamide NaNH2 and nitrous oxide N2O) upon the acid 
chlorides, as in equation 12*10, or by that of nitrous acid upon the cornisponding 

llCOCl + NaNs RCON3 4- NaCl (12*10) 

hydrazides, LXIX, as in equation 12*11. The hydrazides required in the second 

RCOCl -f 2H2N—NH2 [H2N--NH8l+Cr -f 

RCO2C2H6 + HsN—NHs C2H5OH + 

HNO2 

RCO—NH—NH2-> RCON3 (12*11) 

LXIX 

of these reactions can themselves be prepared by either of the two alternative methods 
indicated. 

The Wolff rearrangement of a diazo ketone, LXX, is analogous to the 
Hofmann, Lossen, and Curtius rearrangements.^^ As is shown in equa¬ 
tion 12-12, the product is either a carboxylic acid or, under suitably 


O 


Ag or 


HOzC—CII 2 R 

H2^ 

C2H6OH 


C—CH —N 2 + 0=C=CH—R —C 2 II 5 O 2 C—CH 2 R 




Ag 


LXXI 


R 1^2 

LXX 


NHa^ 


^HsNCO—CH2R 


( 12 - 12 ) 


modified conditions, a derivative of such an acid. The ketene LXXI, 
which is assumed as an intermediate, replaces the isocyanate formed in 
the three preceding types of rearrangement; although its existence is 
demanded by analogy and by the natures of the final products, it is not 
ordinarily isolated from the reaction mixture. (However, see below.) 

The structure of a diazo ketone, containing the so-called aliphatic diazo group 
=N2, is best described in terms of resonance between structures LXXII and 

Cf, N. V. Sidgwick, T. W. J. Taylor, and W. Baker, The Organic Chemistry of Nitrogen^ 
Oxford University Press, Oxford, 1937, pages 363 ff. 

“ For further discussion of the Wolff rearrangement and of the related Amdt-EiMert 
synthesis t see W. E. Bachmann and W. S. Struve in R. Adams, Organic Reactions ^ John 
Wiley and Sons, New York, Volume I, 1942, Chapter 2. 
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O 0 

r__<!!^_CH=N+==N:- r—<LcH-—N+=N; 

LXXII LXXIII 

LXXIII.^* Substances of this class can Iw made by the action of diazomethane 
CH 2 N 2 upon an acid chloridci, as in equation 12-13. In the carrying out of the 

RCOCl + 2 CH 2 N 2 RCO—CHN 2 + CHsCl -f N 2 (12-13) 

reaction, the acid chloride must be added to at least the two-fold amount of diazo¬ 
methane which is d(^mandod by this equation. If the reagents are added in the 
reverse order, or if a smaller amount of diazomethanc? is usi^d, the diazo ketone 
formed by reaction 12-14 is destroyed (in accordance with equation 12-15) by the 

RCOCl + CII 2 N 2 -H- RCO—CHN 2 + HCl (12-14) 

RC 0 -~CHN 2 -f HCl RCO—CH2CI -f N2 (12-15) 

hydrogen chloride that is formed simultaneously. If, however, the reaction is carried 
out as stated, th(^ hydrogen chloride is removed by tlu? exc(‘ss diazomi‘thane, as is 
shown in equation 12-16, and a satisfactory yield of the diazo ketone, LXX, is 

CH 2 N 2 + HCl CH 3 CI + N 2 (12-16) 

obtained. Tlie diazomothane required for the redaction of (course has a resonating 
structure analogous to that of the resulting diazo ketones; it can be prepar(id by a 
variety of methods, of which the one shown in equation 12-17 is probably the most 

NH2CONH2 HNO2 

[CHr-NHaJ-^Cr -> CH3NH— CO—NHa-> CH3N (NO)->CO— NH2 

i KOH 

CH 2 N 2 (12-17) 

convenient; the substance is usually prepared and used in etla^r solution without 
being isolated. The complete sequence of reactions l)y which a carboxylic acid 
RCO 2 H is transformed, through its chloride RCOCl, into its next higher homolog 
RCH 2 —CO 2 H is called the AmdUEisteri reaction}^ 

It may perhaps not be completely apparent that the “Wolff rearrange¬ 
ment” really involves a rearrangement at all, since an acid, RCH 2 CO 2 H 
(or a derivative of such an acid), could conceivably be formed from the 
corresponding diazo ketone R—CO—CHN 2 by an intramolecular 
oxidation and reduction, without the occurrence of any 1,2-shift. Thus, 
if the carbonyl group of the original diazo ketone were reduced to a 
methylene group and if, at the same time, the —CHN 2 group were 
oxidized to a carboxyl group (or to a modified carboxyl group), the same 
product would be obtained as if the reaction had instead proceeded by 
a 1,2-shift. That this alternative interpretation is incorrect, however, 

^ Cf. N. V. Sidgwick, T. W. J. Taylor, and W. Baker, The Organic Chemistry of NUrogm. 
Oxford University Press, Oxford, 1937, pages 360 ff. 
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is suggested by the behavior of slightly more complicated diazo ketones, 
with which the corresponding reactions are unambiguous. For example, 
phenylbenzoyldiazomethanc, LXXIV (which is prepared by the oxida- 

Cells—CO-CNa CeHs—CO—C=N—NHg 

I I 

CeHg Celia 

LXXIV LXXV 

tion of benzil monohydrazone, LXXV, with mercuric oxide HgO) de¬ 
composes at a high temperature into nitrogen and diphenylketene, 
LXXVI. This reaction, in which the intermediate ketene postulated 
in equation 12*12 is actually isolated, is evidently an example of a Wolff 
rearrangement; moreover, it cannot be explained on the basis of an 
intramol(U3ular oxidation and reduction, since it involves a change in the 
carbon skeleton. Such evidence is perhaps not entirely conclusive, how¬ 
ever, since it does not exclude the possibility that the rearrangement of 
phenylbenzoyldiazomethane is abnormal, and that an internal oxidation 
and reduction are the general rule with those other diazo ketones which 
contain the grouping —CO—CIIN 2 , and with which therefore no ob¬ 
vious change in the carbon skeleton occurs. It is accordingly of con¬ 
siderable interest that the reality of the 1,2-shift, even with the diazo 
ketones of this latter type, has been demonstrated beyond any reason¬ 
able doubt with the use of carbon of mass number 13. Benzoic acid of 
structure LXXVII, in which the asterisk denotes the “heavy’’ carbon 
atom, has been found to lead, through the Arndt-Eistert synthesis, to 
phenylacetic acid of structure LXXIX. The complete sequence of re¬ 
actions is shown in equation 12*18. Since the phenyl group is attached 

CeHsMgBr CgHs—C*02H 

LXXVII 

Cells—C*OCl CeHe—C*0—CHNa 

LXXVIll 

(12*18) 

Cells—CH3 + C*02 CeHs—CH2—C*02H 

LXXIX 

directly to the carbon atom C* in the benzoic acid, LXXVII, and pre¬ 
sumably also in the diazo ketone, LXXVIll, but is attached instead to 
an adjacent atom in the phenylacetic acid, LXXIX, it is evident that a 
1,2-shift has taken place. The Wolff rearrangement is therefore properly 
named and is not merely a reaction involving intramolecular oxidation 
and reduction. 

C. Huggett, R. T. Arnold, and T, I. Taylor, /. Am, Chem, Soc. 64, 3043 (1942). 


CeHgv 

>o=c=o 

CeHa/ 

Lxxvr 
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The hemilic add rearrangement, by which, for example, benzil, 
LXXX, is transformed into the benzilate anion, LXXXI, in the pres¬ 
ence of a strong base, also involves a 1 , 2 -shift, as is evident from equa¬ 
tion 12-19. 


OH 


OH 


CfsIh—CO—CO—CeHs -> CcH5—C-C=0 (12*19) 


LXXX 


CeHs 0“ 

LXXXI 


When a secondary or tertiary aMehyde (RR'HC—CHO or RR'R"C— 
CHO, respectively) is treated with concentrated sulfuric acid, it is fre¬ 
quently transformed into an isomeric ketone by a 1 , 2 -shift. For ex¬ 
ample, diphenylacetaldehyde, LXXXII, is rearranged in this way to 

CeHs—CH-C=0 CeHg—CH—C=0 

ieHs II H ieHfi 

LXXXII LXXXIII 


desoxybenzoin, LXXXIII;’^ and trimethylacetaldehydc, LXXXIV, is 


(CH 3 ) 2 C-C=0 


CHs H 

LXXXIV 


(CH3)2C—c=o 


H CHg 

LXXXV 


rearranged to methylisopropyl ketone, LXXXV. Such a reaction may 
perhaps account for certain anomalous results obtained with the pinacol 
rearrangement. Thus, the action of approximately 25 per cent sulfuric 
acid upon l-phenyl-2,2-diethylethylene glycol, LXXXVI, transforms it 


CeHs—CH—C(C2H6)2 


OH OH 


LXXXVI 


CeHsv 

>C—CHO 

(C2H6)2^/ 

LXXXVII 


into phenyldiethylacetaldehyde, LXXXVII, whereas the action of con¬ 
centrated sulfuric acid upon the same glycol transforms it instead into 
4-phenyI-3-hexanone, LXXXVIII.*® Similarly, in the vapor phase, 

CeHe—CH(C2H5)—CO—C 2 H 5 Cells—CHOH—CHOH—CeHs 

LXXXVIII LXXXIX 


hydrobenzoin, LXXXIX, is transformed largely into diphenylacetalde¬ 
hyde, LXXXII, at 260°C, but largely into desoxybenzoin, LXXXIII, 

“S. Daniloff and E. Venua-Danilova, Ber. 59, 1032 (1926). 

** M. Tiffeneau and J. Livy, Bull. aoc. ckim. [4] S3, 736 (1923). 
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instead at 400°-450®C.^® Again, the aldehyde may possibly be formed 
first under the more vigorous conditions, and then rearranged to the 
ketone. (However, see page 502.) 

The last reaction which will be mentioned here is the Beckmann re¬ 
arrangement, which was discussed in some detail in Section 8*4. This 
transformation is easily seen to involve a 1,2-shift, even though equa¬ 
tion 12*20 which describes it differs from equation 12*1 in that the 

R O 

I II 

C=N C—NHR (12-20) 

III 

S OH S 

carbon and nitrogen atoms of equation 12*20 are joined to one another 
by a double bond, whereas the corresponding atoms A and B of equation 
12*1 are joined by only a single bond. The rearrangement of, for ex¬ 
ample, benzamidoxime, XC, to phenylurea, XCI, under the influence of 

CoHfi—C—NH2 

NOH CeHs—NH—CO—NH2 Cells—SO2CI 

XC XCI XCII 

benzenesulfonyl chloride, XCII, may be considered a special type of 
Beckmann rearrangement. (See also page 317.) 

12*3 Early Attempts to Explain the 1,2-Shifts. A simple rep¬ 
resentation of the 1,2-shift, which was commonly employed at one time, 
and which is occasionally encountered even now, is illustrated by equa¬ 
tion 12*21. According to this scheme, the two atoms or groups R and S, 


:A—B: :A—B: 

I I - I I 

R S SR 


( 12 - 21 ) 


attached to adjacent atoms A and B, simply exchange places. The final 
product which is isolated may be either the substance at the right of 
this equation or, more commonly, a different substance formed from it 
by subsequent changes that do not involve any further rearrangement. 
Several examples of the former type of reaction are mentioned on pages 
455 f.; one of the latter type is shown in equation 12-22, for the 
transformation of pinacol, I, into pinacolone, II. 

Mme. Ramart'Lucas and F. Salmon-Legagneur, Compt, rend. 186, 1848 (1928), 
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CHa CHa 

CHa—i-i—OH 

I I 

OH CHa 

I 


CHa CHa 

CHa—A-C—OH 

CHa OH 


CHa CHa 

I I 

CHa—C-C=0 + H 2 O 


CHa 


( 12 - 22 ) 


II 


Although it can readily be verified that all the rearrangements listed 
in the preceding section can be ^ ^explained” with the aid of etpiation 
12 *21, this equation can hardly provide an adequate description of the 
mechanisms of the reactions involved. Even if the structure on the right 
side of this equation corresponds to the final product which is actually 
isolated, there has been offered no explanation of the manner in which 
the interchange of the atoms or groups R and S has come about. On 
the other hand, if the structure in question is considered instead to cor¬ 
respond only to an unstable intermediate, the equation is still inadequate 
in the respect just mentioned and, moreover, also in the further respect 
that the intermediate which must be assumed is often highly improbable. 
(Cf., for example, the Curtius and Wolff rearrangements.) Chemists 
have therefore exerted considerable effort in the attempt to devise more 
complete and more reasonable mechanisms for the various reactions in 
question. This section will be devoted to a discussion of some of the 
early attempts, and to an explanation of the reasons why these attempts 
must be regarded as unsuccessful. 

In view of the marked similarity of all the various rearrangements 
listed in Section 12 • 2, it will here be assumed that an adequaf e explana¬ 
tion of any particular 1,2-shift must be applicable also, with at most only 
minor and obvious changes, to any other 1,2-shift. Consequently, it 
will be further assumed that, if a given proposed mechanism can be 
shown definitely to be incorrect for any one type of 1,2-shift, it can be 
immediately discarded and need no longer be considered in connection 
with any other type of rearrangement of this same class. Such assump¬ 
tions are clearly very drastic, and their legitimacy cannot be rigorously 
demonstrated. There is, in fact, no law of nature which states that all 
1 ,2-shifts must necessarily go by the same mechanism, or even by similar 
mechanisms. Nevertheless, these assumptions will be made here on 
the grounds, first, that they serve to simplify and to unify the discussion; 
and, second, that, as will be shown in the following section, there has 
indeed been devised a single basic mechanism which appears to be ap¬ 
plicable, with suitable modifications, to all the 1,2-shifts. 

One of the first attempts to explain the 1,2-shifts was based upon the 
assumed formation of a cychc intermediate. The rearrangement of 
pinacol, I, to pinacolone, II, was thus considered to proceed through the 
cyclopropane derivative. III, as in equation 12*23. In this way, the 
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CH3 OH CH3 OH 

II II 

CH3—C-C—CH3 HaO + CH3—C-C—CH3 

II \ / 

OH CH3 CHa 

I III 


CH3 O CHa OH 

I II II 

HaO + CII3-C—C—CHa CH3—C-C—CH3 


CHa 

11 


CII3 OH 


(12-23) 


principle of minimum structural change could be maintained in each 
individual step, although the net result of the whole sequence of steps 
appears to constitute a violation of the principle. This same proposed 
mechanism could, moreover, be easily extended to most of the remaining 
1,2-shifts as well. The rctropinacol rearrangement of pinacolyl alcohol, 
IV, to tetramethylethylene, VI, for example, could be assumed to in¬ 
volve the intermediate formation of the cyclopropane derivative, V, as 
in equation 12-24; the Hofmann rearrangement of acetamide, VII, 


CHa 
CH3—i- 


CII3 

i 

-CH—CH3 H2O -f CHa—C-CH—CHa 


CH3 OH 

IV 


CHo 


CH3 CH3 

I I 

H2O + CH3—C=C—CH3 CH3—-CII—CH3 

1 1 I 

CH3 OH CH3 

VI 


(12-24) 


could be assumed to involve the intermediate VIII, as in equation 12-25,* 


CH3—CO—NH2 

VII 


0 

II 

CII2—C—NH CHa—N==C=0 (12 -25) 

vm 


and so on. Even in those instances in which i/iree-membered rings are 
impossible as intermediates, this mechanism can frequently still be con¬ 
sidered possible, since the assumed cyclic intermediate may contain rings 
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of other sizes. For example, the rearrangement of benzpinacol, IX, to 
benzpinacolone, XI, could be imagined to proceed through the inter¬ 
mediate X with a/owr-membered ring, as in equation 12-26; the Curtius 


OH CeHs OH CeHg 

CeHs—i C—CeHs HgO + CeHs—C-C^-CeHg 

in 




IX 


O CeHs 

H2O + C0H5—(L-i—CeHs 

ieHs 


XI 


I (12-26) 

OH CeHs 

I I 

CeHs—C-O-CeHs 

1 

OH 

V 


rearrangement of 2,4,6-trinitrobenzazide, XII,could be imagined to 
proceed through the intermediate XIII with a five-membered ring 
(which would, however, be extraordinarily strained, cf. Chapter 9), as 
in equation 12-27; and so on. 



XIII 


NO2 

OzN/ \n=C=0 (12-27) 
^ m2 


The evidence against the above mechanism of the 1,2-shift seems to 
be complete. For example, if the rearrangement of the tetrachloro- 
benzpinacol, XIV, went through the cyclic intermediate, XV (cf, struc- 

WV. V. Vasilevflkil, P. I. Bloahteln, and B. D. Kustrya, J. Oen. Chem. (U.S.8.R.) 5, 
1652 (1935); C,A, 30,3416 (1936); C. Naegeli, A. Tyabji, and L. Cozxrad, Hdv, Chim. Acta 
Si, 1127 (1938). 
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ture X), the product would have to be the tetrachlorobenzpinacolone, 
XVI, in which one of the chlorine atoms is no longer pora, but is instead 
meta. The product actually obtained, however, is the different tetra¬ 
chlorobenzpinacolone, XVII, in which each chlorine atom is still para. 


<j)H 

p-Cl—Cell4-C—C—C6H4~C1 -p 

in 


XIV 


OH CeH,—€l-p 

I I 

p.CI-~C6H4~C—C—CeH4-Cl-p 





XVI 


Cl 


0 CeH^—Cl-p 

11 I 

p-Cl—CelL—(>~C-CeH4- Cl-P 

6 

Cl 

xvn 


Similarly, if the Curtius rearrangement of p-bromobenzazide, XVIII, 

0 

Br<^ )>CO—Na Br<( )>(>-NH ^N=O=0 

Br ^ 

XVIII XIX XX 

went through the cyclic intermediate, XIX (cf. structure XIII), the 
product would have to be m-bromophenylisocyanate, XX, whereas it 
actually is instead p-bromophenylisocyanate, XXI, which was identified 

Br<^ ^N=C=0 Bik( ^NH—COa—C2H5 

XXI xxn 

by transformation into the urethan, XXII. Numerous further examples 
of both the Hofmann ’’ and the Curtius * rearrangements are known in 
which the assumption of cyclic intermediates analogous to VIII, XIII, 
and XIX would lead to incorrect predictions regarding the structures 
of the products. 
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Independent evidence against this first mechanism is provided by the 
Wagner-Meerwein rearrangement of isobomyl chloride, XXIII, to 
camphene, XXIV, and by the reverse transformation of camphene into 
isobomyl chloride. In the first place, it may be noted that the inter- 



CHa 

II 


H2C- 


C*H 


CHa—O—CH, 


II 2 C 


XXIV 


OIL 



mediate which would have to be postulated here is the known substance 
tricyclene, XXV, which is not transformable into either camphene or 
isobomyl chloride under the conditions of the respective rearrangements. 
In the second place, both isobomyl chloride and camphene can be op¬ 
tically active since they contain the as 5 unmetri(; carbon atoms designated 
by the asterisks, and since no meso form is possible with either stnicturc. 
On the other hand, tricyclene is symmetrical and so cannot be optically 
active. Consequently, if tricyclene were an intermediate in cither the 
forward or the reverse reaction, optically active isobomyl chloride would 
necessarily give racemic camphene, and optically active camphene would 
necessarily give racemic isobomyl chloride. It is found experimentally, 
however, that ( 4 -)-isobomyl chloride can be transformed into (—)- 
camphene, and vice versa. 

A second mechanism which has been suggested for the 1 , 2 -shifts as¬ 
sumes the formation of a different kind of cyclic intermediate. Thus, 
it has been postulated that the rearrangement of pinacol, I, to pinacolone, 
II, proceeds through the ethylene oxide, XXVI, as in equation 12-28. 


CH3- 


CHs CH3 

-d)-i-CHa 

I I 

OH OH 

I 


CH3 CH3 


0 CHs 


CH; 


\ / 

O 

XXVI 


C—CH 3 *-> CH 3 —C—C—CH 3 

CH3 

(12-28) 
II 


The evidence in favor of this mechanism is that ethylene oxides like the 
one with structure XXVI can sometimes be shown to be formed in the 
course of the rearrangements, and that ethylene oxides can often them¬ 
selves rearrange to the corresponding pinacolones. (See page 463.) It 
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should be pointed out, however, that neither of these facts provides con¬ 
clusive evidence that the ethylene oxides are intermediates in the re¬ 
arrangements, since they could be explained equally well on the assump¬ 
tion that the cyclic compounds are fonned by entirely independent, but 
reversible, side reactions, as in equation 12 • 29. This second mechanism. 


CH3 CII3 

CII3-C- C—Clh 

\ / 
o 

XXVI 


CII3 CH3 

I I 

CII3—c-C)—CII3 

I I 

Oil Oil 

I 


0 CH3 


II 


CH3 

(12-29) 


moreover, suffers somewhat from the fact that it is not completely gen¬ 
eral. Although it can be applied to the rearrangements of the glycol 
ethers, the halohydrins, the amino alcohols, and possibly the secondaiy 
and tertiary aldehydes, as well as to those of the glycols, it cannot be 
presumed to play a role in most of the remaining types of rearrange¬ 
ment listed above. 

Several further objections can be raised to the above mechanism. 
First, and possibly most important, the formation of an intermediate 
ethylene oxide, even if correct, would in no sense account for any 1,2- 
shift. Indeed, the formation of the final product from the ethylene oxide 
would be just as hard to explain as would that from the original sub¬ 
stance. In other words, the mechanism really begs the entire question. 
Moreover, direct evidence against the belief that an ethylene oxide is a 
necessary intermediate in a 1,2-shift comes from various sources. For 
example, if the rearrangement of a glycol proceeds through the ethylene 
oxide, the rearrangement of the former substance caimot possibly be 
faster than is that of the latter under the same conditions. Moreover, 
when no appreciable amount of ethylene oxide is observable at any time 
during the rearrangement of the glycol (as is usually true), the assump¬ 
tion that the ethylene oxide is an intermediate requires the further as¬ 
sumption that the rearrangement of the ethylene oxide occurs very 
rapidly. Under such circumstances, then, the rate of rearrangement of 
the glycol is merely the rate of its dehydration to the ethylene oxide, 
which substance is converted into the final product as rapidly as it is 
formed. Consequently, the ethylene oxide, when prepared in an in¬ 
dependent manner, would have to rearrange much faster than does the 
corresponding glycol. Hiis prediction is not in general borne out by the 
facts. For example, the rearrangements of the tetrachlorobenzpinacol. 
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XIV, and of the ethylene oxide, XXVII, related to it have been found 


(p-Cl—C 6 H 4 —) 2 C—C(—C 6 II 4 —Cl-p )2 
OH OH 

XIV 

(p-CI—C 6 H 4 —) 2 C-C(—C 6 H 4 —Cl-p )2 

\ / 

O 

XXYII 

to proceed at practically identical rates, although no trace of the oxide 
can be detected during the reaction of the glycol. 

An analogous argument can be based on the fact that the iodohydrin 
XXVIII readily rearranges to the ketone XXIX when treated with 

CeHs 

CH2I 

/I 

CH3 OH 

XXVIII 



mercuric oxide, whereas the corresponding ethylene oxide, XXX, which 
would have to be considered an intermediate in the reaction, is com¬ 
pletely unreactive under the identical conditions.^® 

Not infrequently, a compound rearranges to a product which is dif¬ 
ferent from the one obtained from the corresponding ethylene oxide. 
Under such circumstances, the ethylene oxide is clearly not an inter¬ 
mediate in the reaction of the former substance. For example, the 
iodohydrin XXVIII gives rise to the ketone XXIX, as was mentioned 
above; but the related ethylene oxide, XXX (when treated with sulfuric 
acid or when merely distilled at atmospheric pressure), gives rise instead 
to the aldehyde XXXL Similarly, the action of sulfuric acid upon the 



glycol XXXII leads to the ketone XXXIII, whereas the action of 
nitrous acid upon the amino alcohol XXXIV leads instead to the dif- 

» M. Tiffeneau, Ann. Mm. [8] 10 , 322 (1907). 
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CH3 CoHs 


C^CeHs 


NHz OH 

XXXIV 


CH3 O 


CeHs 

XXXV 


ferent ketone XXXV; the same ethylene oxide, XXXVI, would, how- 

CH3 Cells 

1 I 

Cells—C-C—Cecils 

\ / 

O 

XXXVI 

ever, have to be assumed as an intermediate in each reaction.*® More¬ 
over, the amino alcohol XXXVII gives the ketone XXXVIII when 

CeHs 


P-CH 3 O— CeH*—C-CH—CeHs 

on NII 2 

XXXVII 


P-CH3O—CeHi—G-CH(C6H5)2 

XXX\ 7 II 


treated with nitrous aciid, but the different ketone XXXIX when treated 
Cells CeHs 

I 1 

P-CH3O—C6H4—CH—G—Cells P-CH3O—C6H4—C-CH—CeHs 

O 

XXXIX XL 

with hydrogen chloride; again, however, the same ethylene oxide, 
XL, would have to be assumed as an intermediate in the two reactions. 

In an attempt to remedy some of the above defects, several authors 
have suggested that, instead of an ethylene oxide, the intermediate in a 
1 ,2-shift might be a substance with a structure like XLI, with two “free 

CH3 CH3 

I I 

CH3—C-O-CHs 


valences/^ Such a mechanism, however, provides no better explanation 
of the course of the actual rearrangement than does the one which it is 

‘•A. McKenzie and J. R. Myles, Ber. 66, 209 (1932). 

»A. McKenzie and A. K. Mills, Ber. 6S, 1784 (1929). 
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designed to replace. Furthermore, inasmiich as the nature and prop¬ 
erties of the ass\imed intermediate have not been precisely defined, the 
mechanism cannot be experimentally confirmed. For those reasons, it 
has never been generally a(*ccpted, and it seems now to be largely for¬ 
gotten. 

The final unsuccessful mechanism to be discussed here is based upon 
the assumed formation of an intermediate olefin. For example, the re¬ 
arrangement of the glycol XLII to the ketone XLIII might be imagined 


CoTIr, 

o-CH,—C0H4—C-CH-C0H5 

OH OH 

XLII 


CgHs 

1 

^^KCrT:,—C,,H4—CH—C— Colls 

II 

0 

XLIII 


to occur by a loss of water and consequent formation of the unstable 
enol, XLIV, which then rearranges spontaneously in the usual manner 


CoHo 

C6H4—(^=Cir—CoHs 
OH 

XLIV 

CH3—CH2—CHaBr CH3—CHHr—CH3 CH3—CH=CH2 

XLV XLVI XLVII 


to the stable keto foi-m, XLIII.=‘ (C;f. Sections 14-2 and 14-3.) Sim¬ 
ilarly, the rearrangement of n-propylbromide, XLV, to isopropyl bro¬ 
mide, XLVI, could proceed by an elimination of hydrogen bromide to 
give propene, XLVII, which then would add hydrogen bromide nor¬ 
mally to give isopropyl bromide, XLVI. However, such a mechanism 
is obviously restricted to those rearrangements in which a hydrogen 
atom may be considered to migrate. Thus, it cannot accoimt for the 
rearrangement of pinacol itself, in which a methyl group migrates, nor 
even for that of the above glycol XLII to the aldehyde XLVIII (which 


C 0 H 5 


CH3 


0-CH3—C—CHO 

ifiHs 

xLvmi 


CII 3 —C-CH 2 

1 I 

CH 3 I 

XLIX 


is formed simultaneously with the ketone XLIII). Moreover, it cannot 

j** R. Roger and W. B. McKay, J'. Chem. Soc. 1933, 332. 
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account for such further transformations as those of neopentyl iodide, 
XLIX, into tertrmiyl alcohol, L, by the action of aqueous silver nitrate ® 


CHs 

CHa—C-CH 2 

1 1 

HO CH 3 

L 


CHs 

CH3—C—CII2 

I i 

CH3— CO—O CH3 

LI 


CH3 

i 

CII3— C=CH 

I 

CH3 

LII 


and into <e?’<-arnylacetate, LI, by the action of silver acetate in acetic 
acid.^ The assumed intermediate olefin, trimethylethylene, LII, is in¬ 
deed formed simultaneously as the major product in the second of these 
reactions, and so it is doubtless formed also to some extent in the first 
one; however, the formation of the olefin cannot explain the rearrange¬ 
ment inasmuch as this substance cannot be produced until after the re¬ 
arrangement has already occurred by migration of a methyl group. 
Even in those instances in which a hydrogen atom can be considered to 
migrate, and in which the olefin can be formed without a preliminary 
unexplained rearrangement, the mechanism can still be shown to be not 
generally applicable. For example, in the transformation of the above 
optically active glycol, XLll, into the ketone XLIII, c.omplete racemiza- 
tion does not occur. Consequently, the necessarily inactive enol, XLIV, 
cannot have been an intermediate in the reaction. It should be men¬ 
tioned, however, that some racemization fre^iuently occurs, and that the 
racemization is not infrequently found to be complete. There is, there¬ 
fore, a possibility that the mechanism which is here under discussion 
may be involved to a greater or less extent in certain rearrangements, 
even though it cannot be the only mechanism operative. 

12*4 The “Whitmore Mechanism” of the 1,2-Shifts, The most 
satisfactory mechanism that has as yet been proposed for the 1,2- 
shifts is commonly referred to as the “Whitmore mechanism,’^ al¬ 
though many of its specific underlying concepts were developed by 
Meerwein,^ Stieglitz,^ and others several years before the publica¬ 
tion of Whitmore^s comprehensive and general statement of the theory.^^ 
No attempt will be made here, however, to discuss the mechanism from 
the historical point of view; this section will instead be concerned only 
with a description of the mechanism in its present, and possibly final, 
form. 

8*F. C. Whitmore, J. Am, Chem, Soc, 64, 3274 (1932). 

^®H. Meerwein and K. van Emster, Bcr, 53, 1815 (1920); 56, 2500 (1922), 

Cf. the first throe pages of reference 22, and especially footnote 6 on page 3275 of that 
reference. 
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It is convenient to think of a 1,2-shift as proceeding in three distinct 
steps, which can be arranged in a logical sequence, but which may pos¬ 
sibly take place simultaneously in any actual rearrangement. 

1 . In this logical sequence of steps, the first process that is con¬ 
sidered to occur results in the production of an unstable intermediate in 
which one atom has only six electrons (a so-called ^^opcn sextet'O 
valence shell. Such an intermediate can be produced in any one of the 
following ways (which, however, frequently overlap, cf. pages 490 ff.). 
(a) Sometimes an atom or group splits off spontaneously and takes with 
it the pair of electrons by which it was originally linked to the rest of the 
molecule. This type of reaction is shcnvn in general terms in equation 
12-30, where the various symbols have the same meanings as in equa- 

:A—ii: :A—R: 

11-^1 + :S (12-30) 

R S R 

tions 12-1 of page 451 and 12-21 of page 465. (b) The fragment :S of 
equation 12-30 may not split off spontaneously, but may have to be 
pulled off by interaction with a further reagent T, as in ecjuation 12-31. 

:A—B: : A-li: 

1 I + T i + T:S (12-31) 

R S R 

(c) A structure with the necessary open sextet may contribute through 
resonance to the state of the initial substance, as in the expression 12-32. 

:A—B: :A—B: 

11^11 (12-32) 

R S R S 

The two electrons which are missing from the atom B in the structure 
at the right of this expression are, of course, to be considered absorbed 
somehow in the various atoms and groups R, S, etc., joined to A and B. 
Under such circumstances, the normal structure at the left of the ex¬ 
pression 12-32 is ordinarily supposed to be much more stable, and hence 
much more important, than the one at the right; the latter structure 
may, however, be presumed to make an appreciably greater contribu¬ 
tion during the reaction than it does when no reaction is taking place. 

2. The second step of the logical sequence of events is considered 
to be the one in which the actual rearrangement occurs. Considerable 
strain (i.e., instability) exists in the intermediate formed by reaction 
12-30 or 12-31, or in the structure at the right of the expression 12-32; 
this strain, which is a result of the presence of an atom B with only an 



Sec. 12*4 The ‘‘Whitmore Mechanism^^ of the 1,2-Shifts 477 


open sextet, is partially relieved by the migration of both the atom or 
group R and its pair of eleetrons, in the manner shown in the appropriate 
one of the equations 12*33 and 12*34. Whitmore has strongly em¬ 


:A—B: 

:A—B: 


1 -- 1 

(12-33) 

R 

R 


:A—B: 

:A—B:R 


11 ^ 1 

(12-34) 

R S 

S 



phasized the view that the two electrons move over from A to B and 
drag the atom or group R with them. WT^iether the primary motivation 
of the migration comes from the electron pair, however, or from R, or 
from the two together, the important feature of the assumed reaction is 
that both the electrons and R transfer their attachment from the atom 
to which they were originally linked to an adjacent one. The mechanism 
of this migration will be discussed in greater detail in Section 12* 10; 
the point to be brought out here is merely that the migration presumably 
does occur. 

3. In the third and final step of the proposed sequence, the strain 
which still remains in the rearranged intermediate (in consequence of the 
open sextet on the atom A) is relieved, and the final isolable product is 
produced. This relief of strain can take place in any one of several ways. 

(a) Occasionally, the fragments formed in equations 12*30 and 12*33 
recombine, as in equation 12-35. The net result of the complete se- 

:A—B: :A—B: 

1 + :S 1 1 (12-35) 

R SR 

quence is then a simple interchange of the atoms or groups R and S. 

(b) Sometimes, the fragment resulting from the reaction 12*33 combines 
not with the fragment :S, as in equation 12*35, but with some other 
atom or group :Z present in the reaction mixture, as in equation 12*36. 

:A—ii: :A—B: 

i + :Z I I (12-36) 

R Z R 

The net result is then a substitution reaction with rearrangement, (c) 
Frequently, the strain remaining in the rearranged fragment of equa¬ 
tion 12-33 is relieved by the breaking off of an additional atom or group, 
usually in the form of an ion. As will be apparent from the specific ex¬ 
amples given later, the net result is then a dehydration, a dehydrohal- 
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ogenation, or the like, with rearrangement, (d) Finally, in a few in¬ 
stances, the structure given at the right of equation 12-33 or 12-34 is 
one of the less important resonating structures contributing to the state 
of the final product. The strain is then relieved automatically as the 
hypothetical intermediate with the structure in ciuestion passes over by 
necessity into the staljle resonance hybrid. Specific examples of this 
type of reaction will also be given below. 

As was stated above, the three sb'ps which have just been outlined 
do not need to take place in the order in which they were described. As 
far as anything known at present is concerned, two or perhaps all three 
of the steps may occur simultaneously in most, if not in all, instances. 
Indeed, the little evidence which is available (Section 12 *9) strongly 
suggests that, in at least some instances, the first two steps are es¬ 
sentially simultaneous. In any event, the possibility of an overlapping 
of the steps is not at all unreasonable sincie it can easily be imagined that, 
for example, the approach of :S (equation 12-35) or of :Z (equation 
12-36) may be an important factor in facilitating the simultaneous re¬ 
moval of :S (equation 12-30 or 12-31) and migration of R, and vice 
versa. It would appear to be impossible, however, for step 3 to 'precede 
either of the others, or for step 2 to precede step 1. 

Before the experimental evidence supporting the Whitmore mech¬ 
anism is discussc^d, the foregoing very general remarks can be made more 
concrete Avith the aid of specific examples. In the following equations, 
the most important types of 1,2-shifts are illustrated and interpreted by 
means of the scheme outlined above. For the sake of clarity, the three 
steps are indicated by the numerals 1, 2, and 3 above (or beside) the ap¬ 
propriate arroAvs; moreover, the natures of the first and third steps, 
which can folloAv alternative courses, are designated more precisely by 
the appropriate letters a, 5, and c, or a, 5, c, and cZ, respectively. 

Pinacol rearrange'ments and their analogs: 




Sec. 12*4 The ‘‘Whitmore Mechanism” of the 1,2-Shifts 479 


0 O+H OH CH 3 

CHs—CHa + H+ CHs-i—CH3 

ina huz ^nz ifla <!jh8 

0 CHa OH CHa 

CHa- U'—C'Ha + H+ CHy-^-^—i—CHa 


C^Ha 




Ha 


^ : 


O-^H CHa 

(/Ha—Hi———CHa 

(IjHa 


(12.38) 
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L 


C’II.T- c - CH2 + Hgl"^ + H+ CH3-C+^- CH2 

cLufi 4h 6 + Hgl+ 

I 

O^H 

II 

CHs-C —(^2 

(Ui 


(12-39) 


Retro'pinacol {yVagner-Meerwein) rearrangements: 

CHa CHa CHa 

CHa-d;—CH-CHa + H *• -* CHs-}) CH-CHa ^ CHa-C^-C+H-^Ha + H^O 

ina Im (fsHa (!)'‘'H2 CJHa 

CHa 

I 

CHa-C=C—CHa + H 2 O + 

^Ha 


CHa 


H^- CHa—i+—CH—CHa-f H2O 


i] 


!Ha 


(12-40) 
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Rearrangement of an amino alcohol: 


on CHs OH CHs 

CH 8 ~(^-i-CHa + HNO 2 CH^—C +•—CH 3 4- N 2 + Off" + H 2 O 

Ahs i!iH 2 ius 

0 CHs OH CHs 

CHs-lj-i—CHs + N 2 4- 2 H 2 O CHs-i *-—(^—C^Hs 4- N 2 4- OH“ + H 2 O 

ins 




(^Hs 

\ 


0+H CHs 

CHs— il -(!:—CHs 

CUs 


(12-46) 


Hofmann rearrangement: 


o 

h-N: 


LisHfiX-U 


Na+ I;- N; 4 - Na+ + CP 
CgHo 

0 


0-m::^N—C eHs ^ 4-Na+ 4- CP 


( 12 - 47 ) 


Lossen rearrangement: 


0 

ii_N: 

ieHfi C>-CO™CoH6J 


Na+ - 


:w 

Or=C=N-C«H6 


0 

II .. 

C-N; 4- Na^' 4- CgHs—CO-P 

l\lh 

4 

o 

1;+—N:” 4- Na+ 4- CeHe-COg" 

OeHfi 


(12-48) 


Curtins rearrangement: 

0 0 0 

(I 1« 11 .. 2 P .. 3d 

(5_Na — N: + N-j C+-NP O-^C^-N-CeHs 4- N 2 (12-49) 

isHs CcHs 

Wolff rearrangement: 

00 0 

i CH ^ dS-^H 4 - N 2 -1 C+—CET ^ 0=C=CH~C6H6 4- N 2 (12-60) 

ieHfi jil2 ieHs itiHs 
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Benzilic acid rearrangement: 


0 0 


0"0 

0" 0" 


li—([LcfiHft + oir 


HO-h - (!5+—Cells 





, 4% 





y 

(12-61) 


OH 

0 0" 

0“ O' 


"02(5- 

JwWi - 

1 

ho-A-(!;-C6H6 ^ 

II0-/^+-(5- (Vlft 

1 



C,iH6 


CeHfi 



Rearrangement of secondary and tertiary aldehydes: 


Cfillfi—C6H6-rH-nH=0+-H 

1 +H+-. 1 I 

Cfi 


CeHa 


I +H+ 

CoHft 


CilU 


2 I 


rjr 5 —OH 2 —0+ -OH —r_.> OoHs- (■‘’H-CII-OH 
(again) ^ 


CelU 




I 


(’fiIl6-CH*^-OrzO+H 


I 

CeHfi 


Beckmann rearrangement: 


la 


CeHs—O^NOH O+H., — Cf5H6--<^^N-’' 

1 +11' -- I I +H 2 O 

(Jr 




C-eHb 


3a 


CoHs 

•4 


CcHb-C-NH ^ Cftn5-C-=—N C6Hfi-r+=N 

11 I +11+ - I I ! +H 2 O 

0 CeHfi H 2 O+ CeHa CgHfe 


(12-52) 


(12-63) 


{However^ see pages 527 f.) 

12*5 Evidence in Support of the Whitmore Mechanism. No 

completely conclusive proof of the correctness of the Whitmore mech¬ 
anism, as applied either to all the 1,2-shifts in general or to any specific 
example of the 1,2-shift in particular, is possible; for, obviously, no 
person has ever been able to observe directly the behaviors of the in¬ 
dividual molecailes. The most that can be expected of such a mech¬ 
anism, therefore, is that it permit a correlation and systematization of 
all the pertinent facts; that it not be in conflict with any known fact; 
and that it account, to as great an extent as possible, for the character¬ 
istic features of the reactions and, in particular, for the specific effects 
of any catalysts that may be employed. Ideally, the mechanism should 
be in quantitative agreement with the observed kinetics of the several 
reactions. It will accordingly be of interest here to consider the extent 
to which the Whitmore mechanism does indeed satisfy these conditions. 
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In the first place, it may be noted that the mechanism in question can 
be applied, in the manner's indicated above in equations 12-37-12 *53, 
to all the various types of 1,2-shift listed in the preceding sections. 
Whether or not this mechanism is correct in all instances, it is neverthe¬ 
less completely successful, therefore, in correlating a large number of 
facts. Moreover, unlike the earlier and less successful mechanisms, it 
does not appear to be in direct conflict with any known facjt, although 
it may perhaps occasionally lead one to expect the formation of a re¬ 
arranged product which is not actually obtained. Thus, analogy with 
the rearrangements of diazo ketones (see equation 12-50 and also pages 
461 f.) and of isoborneol (see equation 12-41 and also pages 454 f.) sug¬ 
gests that the thermal decomposition of 2-diazocamphane, I, should give 



IV 


a substanefe-with structure II, or possibly one with structure III. Al¬ 
though the product obtained in this reaction is neither of these but in¬ 
stead tricyclene, IV,^^ the reaction can hardly be used as evidence against 
the Whitmore mechanism. The hypothetical intermediate, V, which 
might be postulated here, does, to be sure, have a carbon atom with only 
an open sextet, but the Whitmore mechanism does not require that such 
an intermediate always rearrange. Moreover, the mechanism does not 
even require that this particular intermediate be formed at all if an 
alternative reaction of the original substance can occur instead. For 

*®U. Heubaum and W. A. Noyes, J, Am. Chem. Soc. 62 , 5070 (1930). 
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(CH3)2CH—CH2~NH2 

VI 


(CH2}3C—OH 

YTII 


(CH3)2CH-CH2—OH 

VII 


(Cna)aO-NHa 

IX 


these reasons a rearrangement does not need to take place in every re¬ 
action in which one is conceivable. Thus, the action of nitrous acid 
upon isobutyl amine, VI, gives some of the unrearranged isobutyl al¬ 
cohol, VII, in addition to the rearranged tert-hniyl alcohol, VIII (cf. 
page 457); and the corresponding reaction with ^ri-butyl amine, IX, 
appears to proceed with no rearrangement at all. Furthermore, in the 
decompo’sition of the diazo compound, I, the formation of either one of 
the products II and III is highly unlikely in view of BredFs rule (see 
Section 9*5); consequently the failure of a rearrangement to occur is not 
surprising. The fa(;t that the product is tricyclcne, IV, instead of the 
likewise unrearranged bornylene, X, is possibly unexpected, but it pro¬ 




vides no evidence either for or against the Whitmore mechanism in those 
reactions in which a 1,2-shift does occur. In any event, it is especially 
important to observe that the hypothetical intermediate, V, which might 
be formed from diazocamphane, is not identical with the one (XI) which 
must be postulated in the rearrangement of isoborneol; and that there 
is, therefore, no necessity for the two reactions to follow similar courses. 

Perhaps the best evidence in support of the Whitmore mechanism is 
provided by the fact that this mechanism usually makes possible a satis¬ 
factory interpretation of the experimental conditions under which the 
various rearrangements take place. Indeed, some of the early ideas 
which led ultimately to the theory in its present form were based upon 
just such considerations. Thus, Meerwein and van Emster^® found 
that the rate of the rearrangement of camphene hydrochloride, XII, to 
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isobomyl chloride, XIII, increases in most instances with the dielectric 
constant of the medium; they explained this fact on the assumption 




that the reaction proceeds by means of the ionization shown in equa¬ 
tion 12-54. The ion thus formed, XTV, was supposed then to rearrange 


(jJHa 
Cl—C. 


IhC- 


ClI 


CHf-C-CHj 


H2C> 




£lh 


XII 



cr (12-54) 


to the isomeric ion, XI, which, on acquiring a chloride ion, formed iso¬ 
bomyl chloride, XIII. Such an ionization would, of course, be favored 
by a high dielectric constant of the medium. (Cf. Section 11-2.) Al¬ 
though certain details of Meerv’^ein and van I^mster^s work have been 
shown by more recent studies to have been incorrect (see pages 491 ff.), 
the conclusion that the formation of the ion XIV is an essential 
step in the rearrangement is still generally held. Moreover, Meerwein 
and van Emster showed in their second paper that this same rearrange¬ 
ment is made more rapid also by the presence of such substances as 
ferric chloride and antimony pentachloride, which could be assumed to 
remove a chloride ion from the camphene hydrocixloride to form a stable 
complex ion like FeCl 4 “~ or SbCl^”, respectively, and to leave the same 
organic cation, XIV, as before. 

In the remaining discussion of the relationship between the Whitmore 
mechanism and the experimental conditions under which the rearrange¬ 
ments in question take place, the three types of reaction designated on 
page 476 as la, 16, and Ic can conveniently be taken up separately, al¬ 
though, as will be discussed further below, such a procedure cannot be 
adopted without some arbitrariness. 
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In the reactions of class la, the original substance is presumed to break 
up spontaneously in the manner shown in equation 12-30. It might be 
anticipated that a rearrangement would be especially likely to follow 
such a course at relatively high temperatures, at which the substance in 
(question could be expected to have a relatively great tendency to de¬ 
compose. It is, in fact, observed that many rearrangements which 
ordinarily require the presence of catalysts can proceed without catalysts 
if the temperature is sufficiently high; several examples of such behavior 
have already been noted alcove. Moreover, in the Curtins rearrange¬ 
ment,® in which a catalyst is seldom used, the primary problem is to 
moderate, rather than to induce, the decomposition of the highly ex¬ 
plosive azide; the reaction is accordingly carried out ordinarily by the 
refluxing of a dilute solution of the azide in some solvent with not too 
high a boiling point (frequently benzene).^® Finally, the type of de¬ 
composition which must be postulated is usually reasonable and, in some 
instances, can be supported by independent evidence. Thus, the natures 
of the products formed in the decomposition of an alkyl or aryl azide 

strongly suggest the existence of intermediates (of the type R— N: or 

Ar—N:, respectively) which are analogous to the assumed intermediate 
in the Curtius rearrangement. (See equation 12-49.) For example, 
the decomposition of methyl azide, XV, in the presence of triethyl- 

CHa—Na P(C2H5)3 CH 3 —N=P(C2H5)3 

XV XVI XVII 

phosphine, XVI, gives triethylphosphine methylimide, XVII, and 
nitrogen; the decomposition of phenyl azide, XVIII, gives azobenzene, 

CoHs—Na CeHs—N=N—C 5 H 5 

XVIII XIX 

XIX. Similarly, the decompositions of aliphatic diazo compounds 
RR'CN 2 generally give products which can be explained most easily in 
terms of intermediates of the type RR'C:, analogous to the assumed 
intermediate of the Wolff rearrangements. (See equation 12-50.) For 
example, the decomposition of phenyldiazomethane, XX, gives stilbene, 

C 6 H 5 —CHN 2 CeHs—CH=CH—CeHs CH 2 N 2 (CHaTe)^ 

XX XXI XXII XXIII 

XXI, and nitrogen. With diazomethane itself, XXII, the existence of 
short-lived methylene CH 2 in the decomposition products is indicated 

” For evidence that the reaction is catalyzed by acids, however, see M. S. Newman and 
H. L. Gildenhorn, J. Am. Chem. Soc. 70, 317 (1948). 
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by the fact that these products react with tellurium to give polymeric 
telluroformaldehyde, XXIII.^^ (See also page 742.) 

In the Hofmann rearrangement, the formation of the postulated in¬ 
termediate XXIV should be easier from the anion XXV than from the 


O 

II .. 

R—C—N: 


XXIV 


O 


R—C—N: 



XXV 


0 

II .. 

R—C—N:H 

I 

Cl 

XXVI 


neutral haloamide XXVI, since only one bond must be broken in the 
former reaction, whereas two bonds would have to be broken in the lat¬ 
ter ; moreover, the formation of this intermediate XXIV from the anion 
XXV should be easier than that of the alternative intermediate, XXVII, 


O 

II .. 

R—C—NiII 

XXVII 


1 + 


CoHs 


O 

II .. 

-C—NH—O—CO—CeHg 

XXVIII 


from the neutral haloamide XXVI, since more work should be required 
to separate the negative halide ion from the cation XXVII than from 
the neutral fragment XXIV. In any event, the essential role of the base 
in the rearrangement is readily understood. For a completely analogous 
reason, the Lessen rearrangement of, for example, dibenzhydroxamic 
acid, XXVIII, proceeds most rapidly in basic solution, in which the 
substance exists in the form of a salt containing the anion XXIX. 

r O T“ 

II .. 

LCeHe—C—N—O—CO—CeHgJ 

XXIX 


Moreover, the ease of rearrangement of an acyl hydroxamic acid with 
structure XXX increases, for given R, with the ionization constant of 

R—CO—NH—O—CO—R' 

XXX 

the acid R'C 02 H, and hence with the stability of the anion R'C 02 ’“, 
which must be assumed to be split off in step la of the reaction; ® this 
fact also seems entirely reasonable, even though one might not have 
been justified in predicting it in advance. On the other hand, the ease of 
rearrangement of an acyl hydroxamic acid of this same type, XXX, de- 

O. Rico and A. L. Glasebrook, J, Am, Chem. 8oc, 56, 2381 (1934). 
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creases as the ionization constant of the acid RCO 2 H increases, and 
hence presumably as the stability of the anion XXXI, which must be 

[R—CQ—N—(>—CO—R'] “ 

XXXI 

decomposed, increases; ® again the observed regularity in behavior is 
entirely reasonable. 

In the rearrangement of pinacol, XXXII, to pinacolone, XXXIII, 
(CH 3 ) 2 C-C(CH 3)2 (CH 3 ) 3 C-C—CH 3 

i I il 

OH OH O 

XXXII XXXIII 

the catalytic effect of an acid like sulfuric acid can be related to the 
greater ease of breaking up the oxonium cation, XXXIV, into the cation 

(CH3)2C-C(CH3)2 (CH3)2C+-C(CH3)2 

L I ' 

O+H 2 OH OH 

XXXIV XXXV 

XXXV plus neutral water than of breaking up the original pinacol, 
XXXII, into the same cation, XXXV, plus the negative hydroxide ion. 
Similarly, the catalytic effect of a Lewis acid like aluminum oxide can 
be related to the relatively great ease of breaking up the oxonium ad¬ 
dition compound (which is represented schematically by structure 
XXXVI) into the cation XXXV and the stable anion XXXVII; al- 

\ (CH3)2C-C(CH3)2 

\ L I 

—O—A1-—O+H OH 

/ 

O 

/ 

XXXVI 


rx 

— 

rx 

0 


0 

\ 

H+ 

\ 

—0—A1—OH 

— 0 —Al—OH 

/ 


/ 

0 


0 

L/ J 


L/ J 


XXXVII XXXVIII 


though oppositely charged ions must here still be separated, the decom¬ 
position should be easier than the analogous one with pinacol itself since 
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the anion XXXVIT, which is derived from the doubtless very strong 
acid XXXVIII, ought to be formed more readily than is the hydroxide 
ion, which is derived instead from the almost nonacidic water. 

The production of the ion XXXV by the action either of an acid in 
the classical sense or of a Lewis acid could with ecpial right be classified 
as resulting from a reaction of type la, in which the molecules of the 
original substance decompose spontaneously, or from one of class H>, in 
which a reagent attacks these molecules and detaches from them the 
appropriate fragments. Thus, on the one hand, the ''original sub¬ 
stance^^ may be thought of as the oxonium compound, XXXIV or 
XXXVI, which is doubtless present to some extent in the reaction mix¬ 
ture, and which is presumed to decompose into the cation XXXV with¬ 
out any outside assistance; or, on the other hand, the “original sub¬ 
stance’’ may be thought of as pinacol itself, XXXII, which also is 
doubtless present in the reaction mixture, but which apparently has 
little, if any, tendency to decompose spontaneously into the cation 
XXXV. In the former event, the reaction would be classified as one of 
type la; in the latter, it would be classified instead as one of type 16. 
With the pinacol rearrangement, in which there is reason to believe that 
the assumed oxonium cation, XXXIV, and addition compound, XXXVI, 
not only exist but also play essential roles in the niarrangement, the 
former point of view seems to offer the de(?pcr insight into the nature of 
the reaction since it provides a more detailed pi(;ture of the processes 
which are considered to occur. It has, accordingly, been adopted in the 
foregoing discussion of the pinacol rearrangement and of several other 
reactions of similar type. (Cf. pages 478 ff.) The alternative point 
of view is, however, equally logical and in practice often proves to be 
the more convenient; it will, accordingly, be employed hereafter when¬ 
ever the particular occasions warrant. 

Examples of rearrangements in which the first steps seem more 
definitely to follow the course 16 are given by the reaction of silver 
acetate with neopentyl iodide (cf. eejuation 12*42, page 480), and by 
that of silver nitrite with cyclohexyl iodide (cf. page 455). Although, 
of course, it could be postulated that addition compounds with the 
structures XXXIX and XL, respectively, are formed, and that these 


(CH 3 ) 3 C—CII 2 —1+—Ag 

XXXIX 


CH 2 

IhC'^ ^CH—1+—Ag 

1 I 

H2C CH2 

\ / 

CH2 

XL 
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decompose spontaneously in accordance with scheme la to the ions XLI 

CH2 

HzC'^ ^C+H 

I I 

H2C CH2 

(CH3)3C—C+H 2 ^CHz 

XLI XI4I 

and XLII, respectively, there is no evidence for the existence of such 
complexes. It seems more logical, therefore, to consider that the silver 
ions merely pull off the iodide ions in accordance with scheme 16, and 
leave the respective organic cations, XLI and XLII. In any event, the 
role of the silver ion in the reaction is readily understandable; both the 
tendency of this ion to form stable complexes with halide ions and the 
extreme insolubility of silver iodide are consistent with the belief that 
silver-iodine bonds are readily formed and are strong. In analogous 
ways, the various further rearrangements brought about by the action 
of salts either of silver or of other heavy metals can also be easily inter¬ 
preted. 

The rearrangement of camphene hydrochloride to isobomyl chloride 
under the catalytic influence of ferric chloride or antimony pentachloride 
(see above) may also be interpreted in an obvious manner as proceeding 
through a step of (ilass 16. The ^hmcatalyzed'^ rearrangement studied 
by Meerwein and van Emster/^^ on the other hand, might appear to 
proceed instead through a step of class la (cf. equation 12*54, page 
486); this conclusion was indeed drawn by Meerwein and van Emster 
on the basis of their kinetic data. Nevertheless, Bartlett and Pockel 
have been able to show by a more careful investigation that the produc¬ 
tion of the ion XIV does not result from a spontaneous ionization of 
camphene hydrochloride, XII, but rather from a reaction in which the 



chloride ion is pulled off from the molecule of camphene hydrochloride 

** P, O. Bartlett and I. Pockel, J. Am. Chem. <Soc, 60, 1585 (1938). 
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by a molecule of hydrogen chloride, presumably as a result of hydrogen- 
bond formation. The reaction is therefore again of (*Jass 16. 

This interpretation, requiring that a stable hydrogen bond be possible between 
two chlorine atoms, may appear to be inconsistent with the stattmient made earlier 
in Section 2*6 that fluorine, oxygen, and nitrogen are the only elements which can 
ordinarily enter into such unions. It may be noted, however, that even a small pull 
exerted by the molecule of hydrogen chloride upon t.hc chlorine atom of the camphene 
hydrochloride molecule might be expected to lead to a marked increase in the case 
with which the chloride ion breaks away. It is probably not necessary, therefon^, 
to assume that the hydrogen bond postulated here is as strong as the ones between, 
for example, oxygen atoms. 

The evidence supporting the mechanism of Bartlett and Pockel is of 
sufficient interest to be described here briefly. Camphene hydrochloride 
in solution dissociates rapidly and reversibly into camphene, XLIII, and 
hydrogen chloride, in the manner shown in equation 12-55. (In the 
nitrobenzene solvent used by Bartlett and Pockel, the hydrogen chloride 
that is formed neither dissociates further into ions nor associates.) If 



camphene camphene 

hydrochloride 

XII XLin 


the solution is prepared from pure camphene hydrochloride, the con¬ 
centrations of camphene and of hydrogen chloride are identical at all 
times during the rearrangement. Consequently, the equilibrium con¬ 
stant K of the dissociation can be expressed as in ecpiation 12-56, in 


[C] [HCl] _ [HC1]2 
[CHCIJ ~ [CHCl] 


(12-56) 


which C stands for camphene, and CHCl stands for camphene hydro¬ 
chloride. Under such circumstances, the concentration of hydrogen 
chloride is proportional to the square root of that of camphene hydro¬ 
chloride. If the reaction follows the course assumed by liartlett and 
Pockel, its rate —d[CHCl]/d< should be that given by equation 12 - 57, and 


d[CHCl] 

dt 


= JkfCHCl] [HCl] = A:[CHC1]’^VX 


(12-57) 
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so should be proportional to the three-halves power of the concentration 
of camphene hydrochloride. On the other hand, if a large excess of 
camphene is added to the reaction mixture, so that the concentration of 
camphene [C] can be considered to have the constant value A during the 
course of the rearrangement, then the equilibrium expression assumes 
the form 12‘58 instead of 12*56, and the concentration of hydrogen 


[ C] [HCl] ^ [A] [HCl] 
[CHClJ [CHCl] 


(12*58) 


chloride becomes proportional to that of camphene hydrochloride. The 
rate of the rearrangement, which is now given by equation 12 *59 instead 

d[CHCl] , K 

- - - - A:[CHC1] [HCl] = klCHCl]^ - (12*59) 

dt A 


of by equation 12*57, is accordingly proportional to the square of the 
concentration of camphene hydrochloride. Since these predictions were 
found by Bartlett and Pockel to be in complete agreement with the data, 
and since Meerwein and van Emster^s original assumption of a spon¬ 
taneous ionization of the camphene hydrochloride would require that, 
under each set of (conditions, the rate of rearrangement be proportional 
to the first power of the concentration of camphene hydrochloride, as in 
equation 12*60, the only reasonable conclusion is that Bartlett and 

d[CHCl] 

- - - - = fciCHCl] (12*60) 

dt 


Pockers interpretation of the reaction is the correct one. 

The benzilic acid rearrangement can be considered to involve a step 
of type Ic. (Cf. equation 12 * 51, page 483.) The postulated intermediate 
which is presumed to undergo the actual rearrangement is here an anion 
formed by the addition of a hydroxide ion to a molecule of benzil, XLIV. 


0 0 

II II 

CeHs—C—C—CoHs 


XLIV 


0-0 

I I! 

CeHg—C—C—CeHs 

OH 

XLV 


o- o- 

I L 

CeHs—C—C+—CeHs 

I 

OH 

XLVI 


This ion doubtless resonates between structures XLV and XLVI, of 
which the second, and presumably less important, one has the required 
open sextet. The function of the base in making the rearrangement 
occur should now be apparent; structure XLVI, as a result of its less 
unfavorable distribution of electric charge, must make a larger con- 
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tribution to the state of the negative ion than the analogous structure, 
XLVII, makes to that of the neutral benzil molecule. Very satisfactory 

O 0- 

II L 

CeHs—0~C+—CeHfi 

XLVII 

evidence for this mechanism of the benzilic acid rearrangement has been 
obtained from kinetic studies.^® The rate of the reaction has been found 
to be proportional to the corujentration of benzil and also to that of hy¬ 
droxide ion, but to be independent of the concentrations of such other 
strong Brpnsted (or Lewis) bases as phenoxide ion, XLVIII, and o- 

CeHs—0“ o-Cl—C 6 H 4 —0“ 

XLVIII XLIX 

chlorophenoxide ion, XLIX. The rearrangement is therefore catalyzed 
specifically by hydroxide ion, but not by bases in general. This conclu¬ 
sion shows that the anion resonating between structures XLV and XLVI 
must be an intermediate in the reaction. 

12-6 Migratory Aptitudes in the 1,2-Shift. Although the Whit¬ 
more mechanism makes possible a satisfactory interpretation of any 
1 , 2 -shift, it does not always in any given instance permit an unambig¬ 
uous prediction of the structure of the final product. For example, a 
pinacol of general structure I, in which P, R, S, and T are considered to 

S S 

E—CO-^T P—CO—O—T 

II III 

represent different atoms or groups, could conceivably rearrange to any 
one of the four structurally isomeric products II-V (or to a mixture of 

R R 

P—C—CO—T 

i 

TV 

these products). Although the Whitmore mechanism can be applied 
to the reaction, no matter which of the possible courses it may be found 
to follow, the product cannot be predicted in advance without informa- 

F. H. Westheimer, J, Am. Chem. Soc, 58 , 2209 (1936). See also I. Rolxsrts and H. C. 
Urey, Und. 60, 880 (1938). 


P—C—CO—s 

I 

I 

T 

v 
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tion regarding what may be called the migratory aptitudes of the various 
atoms and groups or, in other words, without information regarding the 
relative tendencies of the substituents P, R, S, and T to shift from their 
original to their final points of attachment. 

At least two different factors must be considered in any complete dis¬ 
cussion of migratory aptitudes, although neither of these factors is neces¬ 
sarily important in every type of 1,2-shift. The situation can again be 
illustrated with a discussion of the generalized pinacol, 1. With this 
substance, the first step in the rearrangement is (*.onsidered to be the loss 
of a hydroxide ion to give an organic cation with either structure VI or 


R S 

I L 

P—C—C-^—T 
OH 

VI 


R S 

L 1 

P—C+—C—T 

I 

OH 

VII 


structure VII. If the ion VI is formed, then only P or R (and not S or 
T) can migrate in the second step; hence the final product must be, re¬ 
spectively, II or III. On the other hand, if the ion VII is formed in¬ 
stead, then only S or T (and not P or R) can migrate; hence, the final 
product has instead to be, respectively, IV or V. Evidently, therefore, 
the course of the rearrangement is partially determined by the relative 
ease wdth which the two hydroxyl groups can be removed with their 
binding electrons. The second factor determining migratory aptitudes 
comes into play in the second step of the rearrangement, in w^hich the 
actual shift takes place. Thus, if the ion VI is the one formed, then there 
still remains the question ^vhether P or R migrates. Similarly, if the ion 
VII is the one formed, then there still remains the question whether S 
or T migrates. 

In summary, and in more general terms, the two factors under dis¬ 
cussion may be described as, first, the one that determines the structure 
of the intermediate with the open sextet of electrons (in those instances 
in which more than one such intermediate is possible); and, second, the 
one that determines the identity of the atom or group of this intermediate 
which actually migrates (in those instances in which there is more than 
one atom or group in the intermediate which could migrate). Although 
it might appear that the expression ‘‘migratory aptitude” could be 
strictly applied only to the second of these two factors (see also below), 
it is nevertheless commonly employed to designate the resultant of the 
two. 

Inasmuch as the two factors which determine migratory aptitudes 
depend upon different properties of the atoms or groups concerned, they 
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can most conveniently be treated separately. The following section will, 
accordingly, deal only Avith the first of these factors; the discussion of the 
second will for the moment be postponed. 

12-7 Migratory Aptitudes as Determined by the Identity of 
the Intermediate. A particularly convenient group of compounds for 
the consideration of the first factor, without any interference from the 
second, is provided by the so-called unsymmetrical pinacols of general 
structure I. Considerable, although not exclusive, attention will ac- 

R S R S S 



cordingly be given to such substances in this section. With any com¬ 
pound of this type, the product of the rearrangement is determined 
solely by the tendencies of the two hydroxyl groups to separate as anions. 
Thus, if the intermediate that is formed has stnicture II, only the atom 
or group R can migrate; hence the product is necessarily the aldehyde 
or ketone III. On the other hand, if the intermediate that is formed has 
instead structure IV, then only the atom or group S can migrate; hence, 

R S R 


R—C+—C—S 


R—C—CO—S 


I I 

OH S 

IV V 

the product is necessarily the isomer V. It will be noted that, in either 
event, the relative ‘‘migratory aptitudes’’ of R and S are determined, 
not by any intrinsic tendencies to migrate wliich these atoms or groups 
may possess, but rather by the effects wliich these atoms or groups exert 
upon the ionizations of the adjacent hydroxyl groups. Moreover, it will 
be noted further that the relationship between the resultant migratory 
aptitude and the effectiveness in promoting ionization is an inverse one, 
since the group which migrates does so because the adjacent hydroxyl 
group is not detached in the first step of the rearrangement. In other 
words, the migratory aptitude of an atom or group (to the extent that 
it is determined by the single factor now under discussion) can be con¬ 
sidered equivalent to the ineffectiveness of that atom or group in favor¬ 
ing the production of an open sextet upon the atom to which it is at¬ 
tached. 

In the rearrangement of a pinacol, the intermediate with an open 
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sextet that is formed in the greater amount seems usually to be the 
thermodynamically more stable one, i.e., the one which would be present 
to the greater extent in an equilibrium mixture of the two. (Cf. Section 
9*2. For some difficulties with this generalization, however, see below.) 
For example, the rearrangement of 1,1-diphenylethylene glycol, VI, 


Cells 



VI 


CeHs 

CeHs—C+—CHs 

I 

OH 


vri 


CeHs 

CeHs—C^C+PTs 

1 

OH 

VIII 


might go through either of the two intermediates VII and VIII, with 
production finally of either diphenylacetaldehyde, IX, or desoxybenzoin. 


CeHs 

I 

Cells—CV-CH 

I il 

H O 

IX 


Cells-C-CH2—CeHs 

II 

0 


X, respectively. The significant difference between the two possible 
cations VII and VITI is that, in the former, the positive formal charge is 
represented as on a carbon atom to which two phenyl groups are joined, 
whereas, in the latter, the (*harge is represented instead as on a carbon 
atom to which two hydrogen atoms are joined. There is very good evi¬ 
dence that the proximity of aromatic radicals, as in structure VII, 
stabilizes a carbonium cation (see Section 2 • 5); for example, triphenyl- 
carbinol, XI, reacts with concentrated sulfuric acid to form the “halo- 
chromic salt,^’ XII, containing a cation analogous to the one with struc- 

(C6H5)3C0H [(C6H5)3C]+HS04- 

XI XII 


ture VII; on the other hand, ordinary alcohols, either without aryl 
groups or with aryl groups more distant from the hydroxyl group, do not 
give rise to such ions. In general, the stability of the ion increases with 
the number of aryl groups. Consequently, the inference can be drawn 
that the ion VII should be formed in preference to the ion VIII, and 
that the product isolated should be diphenylacetaldehyde, IX, instead 
of desoxybenzoin, X. This expectation is, in fact, confirmed by experi¬ 
ment. Similarly, phenylethylene glycol, XIII, would be expected to 


CeHs—CH—CH2 CeHs—CH2—CH CeHs—C—CH3 


OH OH 
xin 


XIV 


O 


0 

XV 
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give phenylaceteldehyde, XIV, rather than acetophenone, XV; again 
the expectation is confirmed by experiment. Moreover, since the sta¬ 
bility of the cation increases with the number of aryl groups, 1,1-di-p- 
tolyl-2-phenylethylene glycol, XVI, should give rise to the intermediate 


C 6 H 4 —CII 3 -P 

P-CH 3 —C 6 II 4 —-CH—CfiHs 

OH OH 

XVI 


C6H4-CH3-P 

P-CH 3 —C 0 H 4 --C+—CH—Cellfi 
OH 


XVII 


XVII, and not to the alternative one, XVHI; this pi’cdiction is in agree- 
C6H4—CH3-P C 6 n 4 —CH3-P 

I ^ I 

P-CII 3 —C 6 II 4 —c—C+R—CcHs ?>-C^ri3—Ceill4—Cll—C—Coils 

I II 

o 


OH 

XVIII 


XIX 


merit with the fact that the product of the reaction is a:,a-di-p“tolyl- 
acetophenone, XIX, and not tlic isomeric p-methyl-a-p-tolyl-a-phenyl- 
acetophenone, XX, which would have had to be formed from the cation 
XVIII. 

C6H4—CH3-P 

P-CH3—C6H4—C—CH-CoHs 


O 

XX 


In the foregoing examples, in which aromatic groups are compared with hydrogen 
atoms, the possibility exists that, in at least some instances, the reactions do not 
take place by th(». Whitmore mechanism, but instead by dehydrations to enols which 
then rearrange to the stable keto fornLs. (See, however, pages 474 f.) Even if the 
reactions proceeded in this manner, howiiver, the above considerations would not 
necessarily be without significance, since the ions VII and XVII might still be 
assumed as intermediates in the dehydrations. The distinction between the two 
points of view is that, if the Whitmore mechanism is correctly applied to these reac¬ 
tions, the hydrogen atom marked by the single asterisk in structure Vila migrates 

CcHs H 



Vila 


to the adjacent carbon atom, and then the proton marked by the double asterisk is 
removed; whereas, if the enolic dehydration is here correct, the proton marked by 
the single asterisk is first removed, and then the one maiked by the double asterisk 
migrates to the adjacent carbon atom, presumably not by means of a direct jump 
from one atom to another, but rather by means of a reaction in which a base removes 
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the proton H** from the oxygon atom, and an arid that is also present in the medium 
giv(^s a d<)ubtl(\ss difTerent proton to the carbon atom. In eithei- (‘vent, the eltHitrons 
must redistribute themsclv^^s, thnmgh rest)nancc!. This same ambiguity in ineolui- 
nism must cU'arly occur also in all thos(i other rea(‘-tions, disc,us.s('d below, in whi(di 
hydrogen atoms are considered to migrates, and in which therefore tht^ enolic dehy¬ 
dration is (;onceivabl(\ 

The theory of resonance provides a simple and logical explanation of the stabiliza¬ 
tion of ions like VII by the aromatic groups pres<;nt. Thus, in the original pinacol, 
VI, the only important resonanc(‘ is that in the two benztuie rings separately. Sinc(^ 
there is accordingly no signifi(;ant int.(*raction b(*1w(n*n these two rings, the resonance 
energy of the substan(;o should Ih^ approximately twice that of benzene itself—i.(\, 
some 70-80 kcal fx^r mol(‘.. In llit; particular cation that is considered to be th<i 
more stable^ however, the resonance can include not only the structure's njpresented 
abov(^ by VII, in which the formal charge is on the carbt)n atom b(‘twe(‘n the two 
rings, but also such further structures as XXI and XXII, in which the charge is on 


4- 




an ortho or para carbon atom of one of the rings. If tlu' r(‘sonanct' in the ion were 
restricited to the structures included in the symbol VII, just as that in the pinacol 
itself is reslri(‘ted to those included in the symbol VI, then the resonance energy 
should again be appi’oxiinaUily twice that of benzeiui, since then the rings would 
not Ixi intc^racting with each other. However, th(‘ rt^sonance in the ion cannot be 
thus restricted; it must inst(!ad include the further structures like XXI and XXII. 
(k)ns(*qu(mtly, the resonances (*nergy of the ion must be greater than twictc; that of 
Ixuizeno; lumce, as a n'sult of this resonance, the ion is stabilized with respect to the 
neutral glycol, VI. In the alUnnative ion, VllI, on the other hand, th(*ni is no possi¬ 
bility for resonance with quinoid structure's analogous to XXI and XXII; since the 
n‘sonance energy of this ion, like that of the glycol itself, must therefore be approx¬ 
imately twice that of benzene, the ion is not stabilized by the resonance to any 
greater extent than is the glycol. It follows, tht*refore, that this si‘cond ion, VIII, 
should be less stable than the first one. (The thi'oretic^illy important distinction 
b(dw(ien thermochemical and thermodynamic stability is nut likely to alter the con¬ 
clusions just reached; hence it is here ignored.) 

Alkyl groups are usually intermediate between aryl groups and hy¬ 
drogen atoms in facilitating the removal of hydroxide ions from the car¬ 
bon atoms to which they are attached. Thus, the fact that 1,1-diphenyl- 
2,2-dimethylethylene glycol, XXIII, rearranges to 1 -methy 1-1,1-di- 

CoHs CH3 CeHs CH3 

III I 

CfiHs—C-C—CH 3 CfiHs—O—CO—CHg CeHg—CO—C—CH 3 

I I 

CH3 CsHs 

XXIV 


OH OH 

XXIII 


XXV 
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phenylacetone, XXIV, and not to a-phenylisobutyrophenone, XXV, 
shows that the ion XXVI is formed in preference to the ion XXVII; and 


CoHs CH3 

L i 

CeHs—C+-C—CII 3 

Oil 

XXVI 


Cells CIT 3 

1 L 

Cells-C—C+—CH 3 

I 

on 

XXVII 


accordingly that phenyl groups are more effective than arc methyl groups 
in stabilizing structures in which they are joined to atoms with open 
sextets. Similarly, since l-ph(!nyl- 2 -methylethylene glycol, XXVIII, 


CcHs—CH—CH—CH 3 


Cells-CHs—G—CIIs 


OH OH 

XXVIU 


O 


XXIX 


leads to phenylacetone, XXIX, the intermediate XXX is evidently 
Cells—C+II—CH—CHa 


OH 


XXX 


formed in preference to XXXI; and, since l,l,2-triphcnyl-2-methyl- 

CeHs CH 3 

^ I ' 

CeHs—CH—C+H— CH 3 Cells—-C—CeHg 


OH 

XXXI 


on OH 

XXXII 


ethylene glycol, XXXII, leads to 1 , 1 , 1 -triphenylacctone, XXXIII, the 

Cells 

CoHs—C—CO—CH3 

I 

CeHs 

XXXIII 

ion XXXIV is evidently formed in preference to XXXV. On the other 

CeHs CH3 CeHs CH3 

LI 11^ 

CeHs—C+—C-C0H5 CeHs—C-C+—Cells 

OH 


xxxrv 


OH 

XXXV 
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hand, alkyl groups appear to be more effective than hydrogen atoms in 
facilitating the ionization of adjacent hydroxyl groups. Thus, isobutyl¬ 
ene glycol, XXXVI, rearranges to isobutyraldehyde, XXXVII, propyl- 


(CH3)2C—CH2 (CH3)2C—CH CH3—CH—CII2 CH3—CH—CH 


OH OH 

XXXVI 


H O 

XXXVII 


OH OH 

XXXVIII 


H O 

XXXIX 


one glycol, XXXVIIT, rearranges to propionaldehyde, XXXIX, and 
benzylethylenc glycol, XL, rearranges to bcnzylacetaldehyde, XLI; 

CJIr—Clla—CH - CH2 CelTr—CH2—CH—CII (CH3)2C+—0112 

II I II I 

OH OH HO Oil 

XL XLI XLII 


hence, it follows that the ions XLII, XLIII, and XLIV are formed in 


CH3—C+H—CH2 

I 

OH 

XLIII 


Cfills—CIT2—C+H—CTT, 

I 

OH 


(0113)20—C+II2 


XLIV 


OH 

XLV 


preference to the ions XLV, XLVI, and XLVIT, respectively. 


OH3—CH— 0 +H 


2 


Oil 

XLVI 


OcHs—CH2—CH—C+H2 
OH 

XLVII 


Although, as was sho^vn above, a phenyl group makes the departure 
of an adjacent hydroxyl group easier than does an alkyl group, such a 
group appears frequently to be less effective in this respect than tmo 
alkyl groups since, for example, the rearrangement of l-phenyl- 2 , 2 - 
dimethylethylene glycol, XLVIII, with 20 per cent sulfuric acid gives 


Cells— on—C(CH3)2 
OH OH 

XLVIII 


ClI—C(CIl 3)2 

II I 

0 CeHs 


XLIX 


CeHs—CII—C(C2H5)2 


OH OH 


L 


dimethylphenylacetaldehyde, XLIX, and that of l-phenyl-2,2-diethyl- 
ethylene glycol, L, under the same conditions similarly gives diethyl- 
phenylacetaldehyde, LI, The situation is, however, not so straight- 


CH-C(C2H5)2 

II I 

O CeHe 

LI 


Celle-CH-CO—CHs CeHe—CH—CO—CgHs 


CHa 

LII 


C 2 H 5 

LIII 
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foward as it might appear to be, since the same two glycols, XLVIII 
and L, are transformed by treatment with concentrated sulfuric acid into 
the ketones LIT and LIll, respectively. A possible interpretation of the 
facts is that, under either set of conditions, the pinacols themselves re¬ 
arrange to the corresponding aldehydes, XLIX and LI; but tliat, in the 
presence of concentrated sulfuric acid, these aldehydes then rearrange 
further to the respective ketones LII and LIIl. Some support for this 
interpretation can indeed be advanced, since the aldehydes in (piestion 
have been found actually to undergo ihe postulated n^arrangements 
under the stated conditions. (See also pages 404 f.) That sucdi an 
interpretation is not generall}^ valid, however, is shown by the behavior 
of the apparently analogous 1-phony 1-2,2-dibenzylethylene glycol, LJV, 


C6H5-CII-C(CIIo-C6ll5)2 


Oil on 

LIV 


CoH 5~-CT1~CO—CITs—CoITr, 


Clf2-™C6ll5 

LV 


which rearranges to the ketone LV with either dilute or concentrated 
sulfuric acid, and never to the aldehyde lAT. Moreover, in this instance 


CH—C(CIl2-C6]l5)2 


0 Cells 


LVI 


at any rate, the aldehyde cannot bo an intermediate in the formation of 
the ketone, since the optically active glycol, LIV, gives the optically 
active ketone, LV. If the necessarily inactive aldehyde, LVI, were an 
intermediate in tlie rearrangement, the finally resulting ketone would 
instead have to be completely racemic. The corresponding experiments 
with the optically active forms of the dimethyl and diethyl compounds, 
XLVIII and L, respectively, have not been reported; consequently, the 
possibility of the intermediate formation of the aldehydes XLIX and 
LI in the reactions of these glycols with concentrated sulfuric acid can¬ 
not be definitely excluded. 


Tho resonance theory can provide a simple interpretation of the ability of alkyl 
(as well as of aryl) groups to stabilize the cations in which thi^y are attached to th(^ 
positive centers. Thus, the ion represented above as XT41 can resonate with the 
additional structures LVI I and LVIII; hence it is stabilized by the resulting roeo- 


IV 

CTTa 

H—CHir-l;—CII2 
(*)H 


11 

(!:h 2 

II+CTIs=(^—CH2 

in 


LVII 


Twin 
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nance energy. On the other hand, neither the alternative cation, XTjV, nor the 
original iaobutyleru^ glyf*ol, XXXVl, is stabilized in any similar manner. The con¬ 
clusion (ian lher(‘h)re be drawn that the ion resonating amf)ng the structures XLII, 
LVII, and LVllI should bt^ fornu'd in pndVin^nce to the altcTiiative one, XLV. 
(Again, the distinction between ihermochemicai and thermodynamic stability is 
here ignon^d.) 

Resonance with structures like lA'lI and liVUl, in which an atom or group is 
not joined by any sort of boi^d to thc" atom to whi(‘h it is ordinarily considered t-o be 
linked, is (ralkni hupnTOJijiujalfon or, lV(‘quently, no-bond rcmnancr.'^ It differs in 
no really fundamenlal respect from th(^ familiar type of conjugation (ixhibilxid, for 
('xarnplc^ by 1,3-butadiene. In the* ion r(‘sormting among th(‘ structun^s XLII, LVII, 
and lATII, for exam])le, th(‘ int(‘raction betw(‘en a givf‘n one of the carbon atoms 
and one of the. liydrogt'ji atoms is r(‘j)rt^sent.ed as a singk* bond in the most stable 
structure*, XLII, but as a bond of ord(‘r one less (i.(‘., as a ^‘iKHbond”) in a l(‘ss stable 
strmdure, (‘itlu^r LVII or LVIll; in butadieru', similarly, a bf)nd betw'een a given two 
of th(‘ (arbon atoms is i-ejjresentcHl as a double bond in the most stable structure, 
LIX, but as a bond of oi'der one less (i.<i., as an ordinary singles bond) in a less stable 

llaO-CIT—CII--CH 2 CII 2 —CII-=CH-~CH 2 

LIX LX 

structure, LX. TvIor(H)Vc‘r, both in the ion and in butadiene, a different bond is 
rc'pjx'sented as singU* in th(‘ most stabli* structure but as a bond of ord(T one greater 
(i.e., as a doubh* bond) in a l(‘ss stubk' striuttun*. In both these* respects, the analogy 
b(‘tween tin* hyperconjugation in the ion and tlu* ordinary conjugation in butadiene 
is eom[)let.<'. Att.<‘nti()n shotdd p(*rhaps at this j>oij»t, ho\v(*ver, lx; (ailed to the incor- 
r(‘ctness of th(* jxijjular misconception that the assumption of n^sonance with such 
structure's as LVII and LVIII impli(*s that the ^‘no-bonded” atoms or groups are in 
dangia* of bnaking away from tlu* n'st of the Tnole(Mjlt\ In the corn'sjKmding most 
stable, and lu'nec* most imixatant., structures, these* atoms or groups are always 
represent,(xl as link(*d to the appj-opriate atoms. Const'ciuently, in the resonance 
hybritl, they an^ d(*finit('ly linked by valeiiet* bonds to the atoms in question; the 
assumption of tiu* Jio-bond n'sonance d(x^s not, theridore, rec^uire a dissociation of 
the molecult\ The only effiu^t. of (lu^ hyp(*rconjugation upon thi*s(,* bonds, in fact, is 
to weaken th(*m to a small (*xt('nt, just as the ordinary conjugation in butadiene may 
b(* considered to w(*ak{‘n slightly the bonds that arc n^presented as double in the con¬ 
ventional, and most stable, st ructure LIX. 

With the above nd(*s governing the relative effectiveness of aryl 
groups, alkyl groups, and liydrogen atoms in facdlitating the removal of 
an adjacent hydroxyl group in the form of hydroxide ion, one can in 
many instances, as lias lieen shown in the preceding pages, predict which 
of the possible intennediates will be formed in greater amount from a 
given pinacol. In many other instances, however, more detailed in¬ 
formation is reciuired regarding the relative effectiveness of two different 

30 ful-ther diseusHion of hypercoiijugation, sec*, for example, R. S. Mulliken, C. A. 
Uieke, and W. G. Brown. J. Am. Chem. Soc. 63, 41 (1941); G. W. Wheland, Thp Theory of 
Resonance, John Wiley and Sons, New York, 1944, pages 85 ff.; C. L. Deasy, Chem. Revs, 
36, 145 (1946). For still earlier suggestions of the i>lienomenon, see G. W. Wheland, J. 
Chern. Phys. 2, 474 (1934); J. W. Baker and W. 8. Nathan, .7. Cfum. Soc. 1935, 1844. 
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aryl groups, or of two different alkyl groups. For example, nothing that 
has been said so far would enable one to predict which of the two pos¬ 
sible intermediates derived from either of the pinacols, LXI and LXII, 

(CH3)2C-C(C2H5)2 (p-CHa—CeH4)2C-C(C6H5)2 

OH OH OH OH 

LXI LXII 


would be formed to the greater extent. (However, see below.) In any 
reaction of this type, a mixture of products is usually obtained; hence, 
each of the possible intermediate cations must be assumed to be formed 
to some extent. 

As a result of a considerable amount of experimental study, several 
more or less general statements can be made regarding the smaller dif¬ 
ferences among the various alkyl groups or among the various aryl 
groups in their abilities to facilitate the loss of hydroxide ions from the 
carbon atoms to Avhich they are attached. Thus, the methyl group 
seems to be the most effective of the alkyl groups, since the glycol LXIIl, 


(CH 3 ) 2 C-CR 2 

I I 

OH OH 

LXIII 


(CH3)2C—CO-~*R 


R 

LXIV 


CHs—CO—CR 2 

1 

0113 


LXV 


with R equal to ethyl, n-propyl, or n-butyl, rearranges to a mixture of 
the two ketones LXIV and LXV, in which the former predominates. 
On the other hand, a comparison of the rearrangements of the pinacols, 
XLVIII, L, and LIV, discussed above, suggests that the benzyl group is 
relatively meffective. 

The aryl groups have been investigated in a somewhat more detailed 
mannerIn fact, a fairly, although not completely, successful attempt 
has been made with these groups to put the experimental data upon a 
quantitative basis, so that the composition of the product formed in the 
rearrangement of an unsymmetrical glycol of form LXVI could be cal- 

AraC-CAr '2 

I 1 

OH OH 

LXVI 


culated in advance. The underlying principle of the treatment can be 
illustrated by the following examples. 

The rearrangement of l,l-diphenyl-2,2-di-p-biphenylylethylene gly¬ 
col, LXVII, gives a mixture consisting of 46 per cent a-phenyl-a,a-di-p- 

^ W. E. BacKmann and H. R. Steinberger, J, Am. Chem. Sac. 66, 170 (1934). See also 
H. Adkins in H. Gilman, Organic Chemistry, John Wiley and Sons, New York, Ist ed., 
1938, Volume I, pages 846 f., 2nd ed., 1943, Volume I, pages 1068 ff. 
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(C6ll5)2C-C(C6H4-C6H5 .j>)2 CeH,-C0--~C(CeB,-CeHs-p)2 


OH 


Oil 

LXVII 


Cells 

46% LXVIII 


and 


(C6H5)2C—CO—C6H4-C6ns-7> 
C6H4—CcHs-p 

54% LXIX 


biphenylylacetophenone, LXVIII, resulting from migration of a phenyl 
group; and of 54 per cent p,a,a“triphenyl-a-p-biphenylylacetophenone, 
LXIX, resulting from migration of a p-biphenylyl group. The migra¬ 
tory aptitudes of the phenyl and p-biphenylyl groups in an unsym- 
mc'tricial pinacol of type LXVI can therefore be considered to be in the 
ratio of 46:54, or of 1.00:1.18. As was mentioned above, these relative 
migratory aptitudes can be taken here and below to correspond inversely 
to the relative abilities of the groups in question to facilitate the ioniza¬ 
tion of the adjacent hydroxyl group. If the migratory aptitude of the 
phenyl group is by definition assigned the value 1.00, that of the p- 
biphenylyl group is then 1.18. Similarly, from the fact that 1,1-diphenyl- 
2,2-di-/7i-tolylethylene glycol, LXX, gives equal quantities of the two 


{CelbOoC-C(C6H4—CIl3-m)3 

1 1 

OH OH 

LXX 


C 0 TI 5 —CC>-C(C6H4—CH3-m)2 


CeHs 

50% LXXI 


(CoH 5 ) 2 C—CO—C 6 H 4 —CIl 3 -m 
and I 

C6H4—CTl 3 -m 

50% LXXII 


possible pinacolones, LXXI and LXXII, the migratory aptitude of the 
m-tolyl group is seen to be equal to that of the phenyl group, and so to 
have the value 1.00. Consequently, in l,l-di-p-biphenylyl-2,2-di-m- 
tolylethylene glycol, LXXIII, the ratio of the migratory aptitudes of 


(p-Cells C 6 H 4 )2C-C(C(jH4—CH3-?7i)2 


OH OH 

LXXIII 


p-CeHs—C 0 H 4 —CO—C(C6H4—CH3-7n)2 

C6H4—CeHfi-p 

58% LXXIV 


(p-CeHs—C 6 H 4 —) 2 C—CO—C 6 H 4 —CHa-m 

CeH 4 —CHa-m 

42% LXXV 
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the 2 >-biphcnylyl and m-tolyl groups is 1.18:1.00; hence, the ratio of the 
amounts of the two ketones I^XXIV and FvXXV in the n^arrangement 
product can be predicted to ho, 1.18:1.00 or 51:4(). Tlic observed ratio 
of 58:42 is in faiil}^ good agreciment with this predicted v^alue. ddic 
agreement is, liowever, not always so satisfactory, dims, fiom tlie fact 
that l,lHliphenyl-2,2-di-p-anisylethylene glycol, LXXVl, gives 72 pen- 


(CoTl5)2C- C(CoIT4—OCH3-p) 2 CrJTs - CO CXC(-,114 ™ OCIl3-p)2 


OH on 

LXXVI 


and 


(ColIr,)2C-CO~~CcH4 


CVIo 

72 % LXXVII 

()CIT:r/> 


CoIU—OCHa-p 

28% LXXVIII 

cent of the ketone LXXVII, in which a phenyl group has migrated, and 
28 per cent of the ketone I.XXVIli, in which a p-anisyl group has mi¬ 
grated, the migratoiy aptitude of the p-anisyl groiii) is seen to lx* 28/72 
or 0.39; and from the further fact that J ,l-diphenyl-2,2-di-p-tolyl- 
ethylene glycol, LXXIX, gives 51 per cent of the ketone LXXX, in 
(Cg 115)2C-C(CoIl4-CIl3-p)2 CoIIs—CO- (XCV,lT4-(dl3-p)2 


OH OH 

LXXIX 


I 

Cei Ir> 
:.i% i.xxx 


and 


(C0TI.O2C—CO—ColL-ClbrP 

C 0 II 4 —CII 3 -P 

49 % LXXXT 


which a phenyl group has migi'ated, and 49 per cent of the ketone 
LXXXI, in which a p-tolyl group has migrated, the migratory aptitude 
of the p-tolyl group is seen to be 49/51 or 0.9(). ('onscMiuently, the pre¬ 
diction can be made that l,l-di-p-anisyl-2,2-di-p-tolyl(dhylene glyccd, 
LXXXII, should give iho ketones liXXXlll and LXXXIV, where 


(p-CH3C>-Ccn4)2C- C(CcH 4—CIhrp)2 

I I 

OH 011 

LXXXTT 

P-CH 3 O—C 6 H 4 ~C(>-C(CgH 4 —CIl 3 -p )2 
C 0 H 4 -OCII 3 -P 

45% LXXXIII 

(p-cn 30 ---CGH 4 ) 2 C^co—C 0 IT 4 

(!:!eH4—CII3-P 
55% LXXXIV 


and 
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the p-anifiyl and p-tolyl groups, respectively, have migrated, in the ratio 
of 0.39:0.96 or of 29:71, so that the product of the rearrangement should 
be 29 p(M- cent LXXXIII and 71 per cent IjXXXIV. Here the predic¬ 
tion is in rather poor agn^mient with c^xperime^nt, since the product 
has })een found a(*tually to be 45 per c^ent LXXXTII and 55 per cent 
LXXXTV. Those two ox«‘implos, which have been discussed in some 
detail, represc^nt approximately the extent of agreement between cal¬ 
culated and observc'd compositions of prcxJucts in the rather limited 
number of rearrangemcaits (of aromatic iinsymmetric.al pinacols, LXVI) 
for ^^hich data are available. In the second column of Table 12*1 are 
listed the migratory aptitudes of the various aryl groups that have been 
studicxl. It is t,o be understood that these values may be used only with 
tfie unsymmetrical pinacols of type LXVI, with which the migratory 
aptitude's are detemiined soledy by the extents to which the correspond¬ 
ing groui')s facilitate (or, rather, /azl to facilitate) the loss of hydroxide 
ions from the adjacemt carbon atoms (see above); it is to be understood 
also that, in view of what has already been said regarding the accuracy 
of the calculated compositions, the treatment based upon these values 
can, at best, be expe(*ted merely to suggest the correct orders of mag¬ 
nitude, and not to give the precise values, of the yields of the two iso¬ 
meric ketoiK'S obtained in any given reaction. 

The sensitivity of the migratory aptitudes of the various aryl groups 
to apparently minor changes in stnicture is shown by the last column of 
Table 12*1, in which are listed the values of the migratory aptitudes that 

TABLE 12-1 

Migratoky AcTrrcDK.s in UNSYMMioTRirAL Aromatic Pinac’ols 

Ar.C-HOU)—(HOlLAr'2 

Migratory Aptitude 


Arrjl Croup 

I" 

II ^ 

Ti-Biphonybd 

1.18 


Plurnyl 

l.CKl 

1.00 

w-Tolyl 

1.00 

0.33 

p-ToIy] 

0.06 

0.046 

p-Chlorophenyl 

0.75 


7 )~Phciieiyl ( 7 )-C 2 H 5 — 0 —C 6 H 4 ) 

0.49 

0.012 

7 >-AnLsyl (?>-C 113-0—06114) 

0.39 

0.006 

2 >-Fluorophonyr 

0.099 


Biplienylone ( 0 , o'-Cel 1 4 —C 6 II 4 ) 


0.31 


* The values in tins column apply to those unsymmetrical pinacols in which neither Ar 2 
nor Ar'i roprosonts the bivalent biphenylcno group. 

^ The values in this column apply to those unsymmetrical pinacols in which either Ar 2 
or Ar '2 represents the bivalent bipheiiylene group. 
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are exhibited by some of the same groups as before, when these groups are 
present in pinacols of the type LXXXV, containing the so-called 



phenylene group. As before, the phenyl group is here arbitrarily as¬ 
signed the value 1 . 00 . Although the pinacols of this second group are 
still unsymmetrical ones, and although they thus appear to be just like 
those of the first group, the relative migratory aptitudes are seen to be 
entirely different. The order of decreasing magnitude is the same in the 
two series (so far as such a comparison is permitted by the rather small 
number of data), but the extent of the variation is much greater in the 
second series than in the first. The reason for this striking difference is 
not known. The various migi*atory aptitudes in the biphenylene pin¬ 
acols, LXXXV, cannot be checked against one another for internal con¬ 
sistency, in the way in which those of the pinacols of type LXVI can be 
(see above), since no pinacol of the former type can contain more than 
one kind of aromatic group in addition to the biphenylene group that is 
necessarily always present. (Pinacols with substituents in the biphenyl¬ 
ene group have not been studied in the manner described.) 

It will be of interest now to consider the extent to which the migratory 
aptitudes of the various groups listed in Table 12 • 1 can be correlated 
with other properties of these groups. From what has been said above 
regarding the inverse relationship between, on the one hand, the migra¬ 
tory aptitudes in unsymmetricjal pinacols of the type LXVI or LXXXV 
and, on the other hand, the stabilities of the corresponding intermediate 
cations, it might be anticipated that the replacement of a phenyl group 
in triphenylcarbinol, XI, by a different aromatic group with lower 
migratory aptitude would lead to an increase in the stability of the de¬ 
rived triaiylmethyl cation, LXXXVI; and conversely, that the replace- 

(C6H5)3C0H (C6H5)2 C+—At 

XI LXXXVI 

ment of a phenyl group in the carbinol by a different group of higher 
migratory aptitude would lead to a decrease in the stability of the de¬ 
rived cation. It appears, however, that the expected correlation does 
not exist. Thus, although the p-anisyl group p-CHa—O—C 6 H 4 , which 
has a low migratoiy aptitude, does indeed give rise to relatively stable 
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triarylmethyl cations,the p-biphenylyl group p-CeHs—C 6 H 4 , which 
has a high migratory aptitude, also gives rise to relatively stable cat¬ 
ions.®^ Perhaps the most striking discrepancy is provided by the be¬ 
havior of diphenylbiphenyleneethylene glycol (LXXXV, with Ar equal 
to CeHs), from which the two ketones LXXXVII and LXXXVIII are 



obtained in the ratio of approximately 3:1 (more precisely, 1.00:0.31, 
see Table 12 - 1 ). It appears necessary to suppose, therefore, that the 
intermediate cation LXXXIX is formed in preference to the ion XC, 



even though the former would be expected to be much the less stable, 
inasmuch as 9-phenylfluorenol, XCI, is known to form a halochromic 
salt with strong acids muc.h less readily than triphenylcarbinol, XI, 
does.^^ Apparently, therefore, the theory is not at present suflSciently 
refined to account for the relatively small differences among the various 
aromatic groups. 

In the rearrangement of an ethylene oxide wdth the general structure 
XCII, just as in that of the corresponding pinacol, XCIII, there is a 

RS RS RS RS 
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possibility that either one of the two intermediate ions, XC-IV or XCV, 
may be formed. (Cf. pages 494 f.) Although this further type of nv 
aetion has not been studied as thoroughly as lias the jiinaeol rearrange- 
memt proper, the rule appears to be justified that, in at least most in¬ 
stancies, an ethylene oxide leads to the same hnal producit, or inixturci of 
products, as doevs the pinacol from which it is dcTived. Consecpumtly, 
it may be assumcxl that the oxide, XCII, and the rcdatc'd glyciol, XClll, 
ordinarily give rise to the same intermediate cation (either XCIV or 
XCV). 

The benzilic acid rearrangeincait also is subject to some ambiguity, 
since an unsymmetrical benzil like; XCAT could be imagined to give rise; 


Ar—C—C—Ar' 

6 0 

XCVI 


OH 

1 

Ar—C-C—Ar' 

1 

o~ O 

XCT’II 


Oil 

1 

A,A r' 

1 

o o- 

XCVTIl 


Ar' 

1 

Ar—C—CO.,- 

1 

on 

xnx 


to either one of tlu^ two intermediate anions, XCVIT and XCVIII. (Seci 
equation 12-51, page 483.) It is to be noted, however, that, no matter 
which intermediate is formed, the same substituted bemzilate ion, 
XCIX, must result. The problem of migi’atory aptitudes is, tlicrcforc, 
not involved. 

It is nevertheless of interest that, although the question whether the 
benzilic acid rearrangement proceeds through the intermediate anion 
XCVII or XCVIII cannot be answered by the usual methods of organic 
chemistry, it could be answered with the use of isotopic tracers. Thu.s, 
if the carbon atom designated by the asterisk in structure XCVIa were 


Ar—C*—C^Ar' 


O 0 

XCVIa 


Ar' 

Ar—C—C*02“ 

I 

OH 

XCIXa 


Ar' 

Ar—C*—COg- 

1 

OH 

xcm 


or the radioactive C^'*, the two different products XCIXa and XCIX6 
would be experimentally distinguishable. Such experiments have never 
been made. In the at least superficially analogous rearrangement of 
phenylglyoxal, C, to the mandelate ion, Cl, however, the hydrogen 


CeHg—CO—CHO 
c 


CeHs—CHOH—COg- 

ci 
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atom, rather than the phenyl group, has in this way been shown to mi- 
grate.^^ 

Most of the remaining typos of l,2-'shift differ from the rearrange¬ 
ments of pinacols, of ethylene oxides, and of benzils in that ihvy are not 
subject to any ambiguity with respect to the identity of the inttirmediate 
with the open sextet-. This cinaimstance results from the fa(^t that the 
molecules which undergo su(;h rearrangements ordinarily hav(i only one 
atom or group (and not two) which could be cixpected to break away 
readily under the conditions employed. Thus, in the reaction of the 
iodohydrin, Cdl, with mercuric oxide, the mercuric ion may be presumed 


CoTT5-C(CH3)-CHoI 


OH 


cn 


C0H5—C(rH3)—C+IT, 

CUT 


to have a specific affinity for the iodine atom, but not for the hydroxyl 
group or for any atom of this group; conseciuently, the intermediate 
must be CTII rather than (TV. The fact that tlu^ final product is phenyl- 

Cello—CII 2 I 

CIV 


acetone, CV, and not a-phenylpropionaldehyde, OVI (see page 453), is 
CeH^—CII 2 —CO—Clla C6H6—CHCCHs)—CHO 

CV CVI 


in agreement with this interpretation. On the other hand, with the cor¬ 
responding glycol, (^VH, the stabilizing effects of the phenyl and methyl 


CoHs—C(CH3)—CITo 

I I 

OH OH 
evil 


CcHr-C+(CH3)-CH2 


OH 


CVIII 


groups ensure that the different cation CVIII is formed, instead of CHI, 
and hence that, when this glycol is rearranged, the product obtained is 
a-phenylpropionaldehyde, CVI. 

In the retropinacol (or Wagner-Meerwein) rearrangement, the original 
molecule usually possesses only a single halogen atom or hydroxyl group 
that can break away as an anion; consequently, only a single inter¬ 
mediate cation is possible. For example, neopentyl iodide, CIX, can 
give rise only to the intermediate CX; and isobomeol, CXI, can give 
rise only to the intermediate CXII. Similarly, in the Demjanow re- 

** W. V. E. Eooring, T. I. Taylor, and E. F. Schoenewaldt, J. Am. Chem. Soc. 70, 466 
(1948); O. K. NevUle, Und. 70. 3499 (1948). 
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(CHs)3C~-CH2l 


(CH3)8C—CII 2 


CHa-C-CHi 






CH-C-CH 


arrangement, the intermediate with the open sextet is uniquely deter¬ 
mined if the apparently necessary assumption is made that the carbon 
atom to which the amino group was originally joined becomes the seat 
of the open sextet in the intermediate. Thus, a-cyclobutylmethyl- 
amine, CXllI, can give rise only to the intermediate CXIV. Moreover, 


H2C—CH—CH2—NII2 


H2C—CH—C+H2 


H 2 C—CH 2 

CXIII 


H 2 C—CH 2 

CXIV 


and for the same reason, the amino alcohol CXV can give rise only to the 


P-CIT3™( )—C 0 H 4 —C-c;iT—C«ll5 

I I 

OH Nli, 


intermediate CXVI when it is treated with nitrous acid, although it is 


P-CH3—O—C0H4—C-C+H—Cells 


more likely to give rise instead to the alternative intermediate CXVII 


P-CII 3 —O-C 6 H 4 —C+—CH—CeHs 


when treated with a strong acid like hydrochloric acid, toward which it 
would behave in the manner characteristic of a pinacoL This circum- 
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stance doubtless contains the explanation of the fact, noted on page 473, 
that the amino alcohol CXV is transfonncd into the ketone CXVIII 

O 

II 

P-CH3—O—C6H4—C—CH(C6H6)2 

CXVIII 

(and so must have jiassod through the intermediate C'XVI) when it is 
treated with nitrous acid; but is transformed instead into the different 
ketone CXIX (and so must have passed through the different inter- 

CcHr> O 

1 ii 

P-CII 3 — 0 —C 6 H 4 —CH—C—CfiHs 

CXIX 

mediate CXVII) ^vhen it is treated with hydrogen chloride. No further 
discussion of the remaining 1 , 2 -shifts should now be required, since 
these reactions differ in no significant respect from those already dis¬ 
cussed. As was noted at the beginning of the preceding paragraph, 
most of these other rearrangements permit no ambiguity. 

12*8 Intrinsic Migratory Aptitudes. Attention may now be 
turned to the second of the two factors that determine migratory ap¬ 
titudes, namely, to the factor which operates only after the intermediates 
with the open sextiits have already been formed, and which may be re¬ 
ferred to as tlie intrinsic tendency of the atoms or groups concerned to 
change their points of attacJiment, Unfortunately, however, there are 
no generally valid rules which govern all the 1,2-shifts. In fact, even the 
gross distinction among aryl groups, alkyl groups, and hydrogen atoms 
corresponds to no reliable differences in migratory aptitudes. In pos¬ 
sibly the majority of rearrangements, once the intermediates with the 
open sextets have been formed, hydrogen atoms migrate in preference 
to aryl groups, and aryl groups in turn migrate in preference to alkyl 
groups. This generalization cannot, however, be relied upon, since 
numerous exceptions to it are knoAMi. For example, the pinacol re¬ 
arrangement of l,l-di- 2 >-tolyl- 2 -phenylethylcne glycol, I, gives a,a-di- 

(p-CHs—C 6 H 4 ) 2 C-CH—C0H5 

OH OH (p-CH 3 —C 6 H 4 ) 2 CH—CO—Cells 

i II 

p-tolylacetophenone, II, with migration of a hydrogen atom in preference 
to a phenyl group; the Demjanow rearrangement of isobutyl amine, 
III, gives ^er^-butyl alcohol, IV, with migration of a hydrogen atom in 
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(CH3)2CH—CH2—NHa 
in 


(CH3)2C—CH3 


OH 

IV 


preference to a methyl group; and the pimw^ol roariangement of 1,1)2- 
triphcnylpropanc-l,2-diol, V, gives 1,1,1-triphenylacctoric, VI, with 


CHa 

(C6ll5)2C- (^—CgHs 

I I 

Oil oil 

V 


(C^LhhC-CO—Clh 

VI 


migration of a phenyl group in proferen(*(' to a methyl group. On the 
other hand, the ix^arrangernemt of l,2-diphenyl-l-f>-t()lylethyl('iK^ glycol, 
VII, gives predominantly o-tolyldiphenylacetaldehyde, VIII, withmigra- 

0-CII3—CelU—CKC6ll5)~--CH—(VJI5 

1 I 

OH OH 

VII 


0-CH3—C6H4—C(C:cIl5)2-CIIO 

VIII 


tion of a phenyl group in preference to a hydnjgen aloin; the Demjariow 
rearrangement of a-cyclopropylmcthylamine, IX, gives cyclobutanol. 


HaC. 

I >CH—CH2NH, 
HaC/ 


IX 


H2C—CH—OH 

1 t 

H2C—CH2 


X 


H2C 

I 

H2C 


V-CH, 


OH 

XI 


X, with alteration in the size of the ring (i.e., with migration of what 
may be (considered an alkyl substituent), rather than 1-methylcyclo- 
propanol, XI (i.e., rather than with migration of a hydrogen atom); and 
the reaiTangement of dimethylphenyhwcetaldehyde, XII, gives 2-phenyl- 


(CH3)2C--CH0 CH3—CH—CO—CII3 


CeHs 

XII 


Cells 

XIII 


butane-3-one, XIII, with migration of a methyl group in preference to a 
phenyl group. Since inconsistencies of the types described in these two 
sets of reactions are not at all uncommon, it is impossible to give any 
simple, and at the same time completely general, rules for the intrinsic 
migratory tendencies of atoms and groups. 

In spit/e of the difficulties just referred to, however, considerable suc¬ 
cess has been achieved with the so-called symmetrical pinacols of gen- 
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eral structure XIV, in which Ar and Ar' represent two different aryl 

Ar' Ar' 

I I 

Ar—C—O—Ar 

1 I 

OH OH 

XIV 

For a iium])er of sucli groups, the migratory aptitudes listed 
in Fable 12*2 have been assigned in a way that is comjil(it(dy analogous 

TABLE 12-2 

Mkjuatoky Ai*tjtitj)i:s m Symmetric^al Aromatic Pinacols 
ArArTKOH;—C(()H)ArAr' 


Aryl Group 

M iyratory 

A ptilude 

Aryl Group 

Miyratory 
Aptitude 

p-Anisyl 

5(X) 

p-Todophenyl 

1.0 

y>-Ph(niot>’l 

5(X) 

p-Brouiophenyl 

0.7 

/>-T()lvl 

15,7 

p-Chloroph(myl 

0.7 

/>-]iij)hc‘nvlyl 

11.5 

o-Anisyl 

0.3 

]h- lst)propyli )lu‘i ly 1 

9 

/?i-Br()inoph(‘nyl 

0.0 

/>-lCthylphonyl 

5 

?n-('hlor(>i)honyl 

0.0 

m-Tulyl 

1.95 

(^^-Broinophcmyl 

0.0 

m-Aiiisyl 

1.0 

o-('hlorophenyl 

0.0 

I’henyl 

1.00 




to the one disciissed in Se(‘tion 12-7 in connection with the /.msym- 
metrical pinacols. (Sec also below.) As before, the values given here 
to the various groups are based upon the arbitrary assignment of the 
value LOO to the phenyl group. As might have been anticipated, the 
migratory aptitudes listed in Table 12-2 for the symmetrical pinacols 
arc not at all similar to those listed in Table 12*1 for the unsymmetrical 
pinacols; in fact, the range in migratory aptitudes is much greater for 
the symmetrical pinacols than for the unsymmetrical ones, and the 
order of increasing migratory aptitude in either table is approximately 
the reverse of that in the other table. The reason for this difference be¬ 
tween the two sets of migratoiy aptitudes is, of course, that in the two 
types of pinacol the values for any given group are determined by en¬ 
tirely different factors. Thus, as was mentioned above (see Section 
12 * 7 ), the so-called migratory aptitude of a group present in an unsym¬ 
metrical pinacol is a measure of its inability to facilitate the departure 
of an adjacent hydroxide ion; whereas, on the other hand, the migratory 
aptitude of the same group in a symmetrical pinacol, XIV, is instead a 

W. E. Bachmaiiri and J. W. FerguHon, J, Am. Chem. Soc. 66 , 2081 (1934). Soo also 
II. Adkins in II. Gilman, Organic Chemistry^ John Wiley and Sons, New York, 1st ed. 
1938, Volume I, pages 844 ff., 2nd od., 1943, Volume I, pages 1006 ff. 
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measure of its intrinsic tendency to migrate since, with siudi a pinacol, 
only a single intermediate cation, XV, is possible, no matter which hy- 

Ar' Ar' 

Ar—C+--C-Ar 

I 

on 

XV 


droxyl group is removed in the first step of the rearrangement. 

Rather unexpectedly, perhaps, in view of the inconsisteiKaes men¬ 
tioned above, the migrator}^ aptitudes given in Table 12*2 have been 
found to permit fairly accurate predictions of tlic compositions of the 
mixtures of ketones that are obtainc^d by rc'arTangement. of symmetrical 
aromatic pinacols. For example, the rearrangements of l/ 2 -di-/>-tolyl- 
1 ,2-diphenylethylene glycol, XVl, and of 1,2-di-p-bipheiiyly 1 - 1 , 2 - 

CoHr, C«H, 

I ! 

CoH.,—C- - CII3-P 

OH OH 

diphenylethyleiK; glycol, XVII, k^ad i.o llio vahuis of 15.7 and 11.5 for 

Cr.ITr. 

1 1 

p-CcH.,—Cell.,—C- - (V-CelJi-Cel I.5-P 

OH OH 

XVII 


the p-tolyl and p-biphenylyl group.s, ro.spootively. (Sec Tabic 12-2.) 
With the use of these values, the prediction can be made that the re¬ 
arrangement of 1 , 2 -<li-p-tolyl-l , 2 -di-p-biphenylylethylciie glycol, XVIII, 
should give the two ketones XIX and XX in the ratio of 15 . 7 : 11 . 5 , or of 


p-CIIs—C gH 4 Cr,H 4 —CH3-P 

p-CeHs—C6H4—C-C—C6II4—CoHs-p 

OH OH 

XVIII 


CeH 4 ) 2 C— CO— Cr,H 4 —CeHs-p 

CBH4-C6H5-P 
.'>7% XIX 
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and 


C0II4—CII3-P 

43% XX 


58 : 42 . When the experiment was carried out, the product was found 
to consist of 57 pc^r cent, XIX, and of 43 per cent, XX. Although the 
agreement is not always quite so good as in this example, entirely satis- 
factoiy results have been obtained in a number of other such rearrange¬ 
ments, and serious disagreements seem never to have been encountered. 
(However, see below.) 

Also rather unexpectedly, the observed migratory aptitudes of the 
various aryl groups can be (correlated in a fairly satisfactory manner 
with other properties of the same groups. Thus, inspection of the figures 
in Table 12*2 shows that (with the exception of the or//^o-substituted 
groups, with which steric effects of the type (considered in Section 9-7 
might be expected to be large and unpredictable) the migratory ap¬ 
titudes increase in the same order as do the susceptibilities of the cor¬ 
responding benzene derivatives to an attack by one of the familiar sub¬ 
stituting reagents like nitric aicid or a halogen. For example, nitration 
takes pla(ce at a mefa position of toluene somewhat more rapidly than it 
does at any one of the six equivalent positions of benzene; and it takes 
place at the para position of toluene much more rapidly still^^ Cor¬ 
respondingly, the migratory aptitude of the m-tolyl group is somewhat 
greater than is that of the phenyl group, and that of the p-tolyl group is 
much larger still. Similarly, nitration takes place at the para position 
of chlorobenzene somewhat more slowly than it does at any position in 
benzene, and it takes place at the Tneta position of chlorobenzene much 
more slowly still. Correspondingly, the migratory aptitude of the p- 
chlorophenyl group is somewhat smaller than is that of the phenyl group, 
and that of the m-chlorophenyl group is much smaller still. And finally, 
the extreme reactivity of anisole CII3 — 0 —CeHs toward nitric acid or 
the like, at the para position, is paralleled by the exceptionally large 
migratory aptitude of the 7>-anisyl group p-CIIa—O—C6H4. This cor¬ 
relation between migratory aptitude and speed of substitution is hardly 
surprising since the migration (i.e., the second of the three steps in¬ 
volved in the Wliitmore mechanism, see pages 476 f,) can itself be thought 
of as a substitution reaction in which a carbon atom joined to the ben¬ 
zene ring is replaced by an adjacent atom. Moreover, the usual rules of 
orientation which apply to nitration, halogenation, and the like might 
be expected to apply here also since, in all these different reactions, the 


* C. K. Ingold, A. Lapworth, E. Rothstein, and D, Ward, J, Chem, Soc. 1931 , 1959. 
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attack upon the benzene ring is considered to be made by a reagent with 
an open sextet/^**^ Unfortimatel.y, however, no similar treatment is pos¬ 
sible for the migratory aptitudes of alkyl groups, as compared either 
with one another or with aryl groups or hydrogen atoms. (See also the 
following paragraph.) 

Although, as was mentioned above, the migratory aptitudes listed in 
Table 12*2 give a rather good account of the products resulting from the 
rearrangements of symmetrical piriacols, these migratory aptituch'S 
cannot be safely applied to all rearrangena'iits of even closely related 
substances. For example, the action of nitrous a(*id upon the amino 
alcohol, XXI, would be expected to giv(^ fu'st tlje intermediate XXII 


CJlr, 

I 

P-CH3—o—C gH4—C- CIU 

I I 

oil NH2 


XXI 


C0H5 

P-C1I3—o—(v>n 4 —('—0+1-12 
OH 

xxn 


and then, in view of the great intrinsic migratory aptitude of the p- 
anisyl group, the ketone XXTII. This expectation is in agreement with 

Cells—CO—(;H2—Colli-O-OH3-P 

XXIIl 


experiment.’^^ Similarly, the closely related amino alcohol, XXIV, would 


CoHo 

I 

P-CII3—0—C6II4—C-CH—(V,H5 


OH NHa 


XXIV 


be expected to give the intermediate XXV and then, again with migra- 


CeHs 

P-CH3-O—C6H4—C—C+H—Cells Colls—C—CH—CcHs 

I II I 

OH O C6H4—O—CH3-P 

XXV XXVI 


“ Cf. G. W. Wlieland, The Theory of Resonance, John Wiloy and Sons, New York, 1944, 
pages 256 ff. 

A. Orechow and M. lloger, Compt, rend, 180, 70 (1925). 
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lion of the p-anisyl group, the ketone XXVT. In this instance, however, 
the expectation is not in agreement with experiment, since the product 
actually obtained is the isomeric ketone, XXVI1.“^^ Here apparently 

P-CII 3 —O—C6I14—CO—ClI (Con 5)2 
xxvn 

the plumyl group of the intermediate migrates in preference to the p- 
anisyl group. No explanation of this anomaly (*an at present be given, 
llie ('xisten(*(^ of siuh inc^onsistencies indeed serves to make even more 
surprising ttie suc(h\ss obtained in predicting the courses of the rearrange- 
m(*nts of the symmetrical pinacols; and it casts more than a little doubt 
upon the aclecpiacy of the theoretical interpretation given above for the 
observed migratory aptitudes of the various aryl groups in the sym¬ 
metrical pinac^ols. 

In many rearrangements, the problem of relative intrinsic migratory 
aptitud(‘s does not enter, since the interrnc^liate with the open sextet 
cont/ains only a single atom or group that could (conceivably migrate. 
This situation is encountered, for example, in the Hofmann, Curtius, 
and Lossen rearrangements, in which the intermediate, with general 
structure XXVIll, can be transformed only into the isocyanate, XXIX. 

R—CO—N: R—N=C=0 R—CO—CH: R—CH=C=0 

XXVIII XXIX XXX XXXI 

Similarly, the intermediate XXX in the Wolff rearrangement can pass 
oA’cu* only into the ketcncs XXXI. 

12'9 The Stereochemistry of the 1,2-Shifts. According to the 
Whitmoi*c mechanism, a 1 , 2 -shift occurs in three steps: first (in at least 
most instances), an atom or group S and its pair of binding electrons are 
removed from the original substancjc, I; second, a further atom or group 



R of the resulting intermediate, II, migrates to the position vacated by 
S; and, third, the second intermediate. III, thus produced is finally 
stabilized in some way. (Cf. Section 12-4.) Comparison of structures 
I and HI shows that the sequence of steps is equivalent to a substitution 
reaction in which the atom or group R replaces S upon the atom B. If 
B happens to be an asymmetric atom, the question therefore arises 
whether the substitution under discussion proceeds with a Walden in¬ 
version, or mth retention of configuration, or with racemization. More- 
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over, the shift can be regarded equally well as a substitution reaction 
upon the atom or group R, since the atom A that is joined to R in struc¬ 
tures I and IT is replaced by B in structure TIT. Consequently, in those 
rearrangements in which R is not a single atom but is instead a radical, 
and in which moreover the i)articular atom by which R is joined first to 
A and them to 13 is asymmetric, the further question arises whether the 
substitution at this atom of the radical R proceeds with Walden in¬ 
version, or with retention of configuration, or with racemizatie^n. 

It seems now to be generally agreed that, although more or less 
racemization is frequently observed, there is a marked tendency for in¬ 
version at the atom B, but for retention of configuration in the group R. 
The two sets of evidence which (;an be advanced in support of these two 
independent conclusions will be discussed separately in the remainder 
of this section. 

The second of the two questions raised above (namely, the question 
of inversion, retention, or racemization in the group R,) can con¬ 
veniently be taken up first. Some evidence suggesting that the con¬ 
figuration is retained in the group that migrates has, in fact, already been 
mentioned in a previous chapter (see page 276), where it was stated 
that the amide IV undergoes the Hofmann rc‘arrangement normally and 



gives rise ultimately to the amine Since an inversion of configura¬ 
tion in the hydrocarbon radical is here made geometrically impossible 
by the rigidity of the bridge structure, the fact that the rearrangement 
occurs at all shows conclusively that an inversion is at least not a neces¬ 
sary feature of the reaction. (See page 276 for a discussion of the 
significance of an inversion of configuration about an atom which, like 
the one joined to the carboxamide group in structure IV and to the 
amino group in structure V, is not asymmetric.) Further evidence 
pointing to the same conclusion is provided by the fact that, as has been 
shown in numerous examples in the preceding sections, aromatic groups, 
such as the phenyl group, with which again no inversion of configuration 
is geometrically possible, can migrate in most types of 1,2-shift. 

P. D, Bartlett and L, H, Knox, J, Am, Chem, Soc. 61, 3184 (1939). 
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It could, of course, be argued that the rearrangement of the particular 
amide IV, as well as tliose other 1,2-shifts in which aromatic groups 
migrate, may be abnormal, and that the possibility of an inversion in 
the remaining 1,2-shifts, in which analogous geometrical factors are not 
involved, is not excluded, (-ompletely conclusive evidence has, how¬ 
ever, been obtained fr(jm a study of several further rearrangements in 
which comparable geometrical factors are not involved, but in which the 
configurations arc still found to be retained. One such study involves 
the two sequences of reactions 12 • 01 and 12 • 62 . From the first of these, 


/ ciu \ 


7>-CH2—C6H4—SOoCl 


NaCN 


-> (+)-H,0~SOu~Ar-<-).RCN 

VI 


O.. 


NH 3 


(-)-UNn3Ci{+HINH3 


(-HlCOzH 
Vila J 


(12-01) 


(+)- 


Clh 

C0H5CH2—CH- CO2H/ (+)-RCONIl2 

VII 6 IX 


(-)-RNll2 (+)-RNH3C1 ( 12 - 62 ) 

V1116 


if the reasonable assumption is made that the reactions of the p-toluene- 
sulfonic ester, VI, Avith both cyanide ion and ammonia are ac(*-ompanied 
by inversion (see pages 284 f.), the conclusion can be drawn that the 
configuration of the J-phcnylisopropyl radical R is the same in the 
levorotatory acid, Vila, as in the levorotatory amine hydrochloride, 
Villa. Consequent!}^ the configuration of this radical must lie the same 
in the dextrorotatory acid, VI 16 (reactions 12-02), as in the dextro¬ 
rotatory amine hydrochloride, VIII6. It follow'S, therefore, that no in¬ 
version of configuration could have oi^curred in the Hofmann rearrange¬ 
ment of the amide IX,^^ since none could have occurred in the reactions 
by which the amide was made from the parent acid. Moreover, since 
the acid, VII6, can be transformed into the same amine hydrochloride, 
VIII6, by the Lossen and Curtius ^ rearrangements (of the benzoyl 
derivative, X, of the hydroxamic acid, and of the azide, XI, respectively), 

J. Konyon and D. P. Young, J. Chem. Soc-, 1941, 263. 

^ J. Kenyon, H, Phillips, and V. P. Pittman, J. Chem. Soc. 1936, 1072. 

" E. S. WaUis and S. C. Nagel, J. Am. Chem. Bac. 53, 2787 (1931). 

^ E. S. Wallis and R. D. Dripps, J. Am. Chem. Soc. 56, 1701 (1933). 

«L. W. Jones and E. S. Wallis. J. Am. Chem. Soc. 48, 169 (1926). 
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CHs CII3 

CeHsCHa—in—CO—NH—O—CO—Cells CeHsCUa—CIl—CO—N3 

X XI 

as well as by the Hofmann rearrangement, it follow s that the* eonfigura- 
tion is retaiiK'd also in tliese other reactions. In noiK^ of tiie^se rea.(*tions 
is the rearrangement aeeompaiiied by any raeemization so extensive 
that it cannot be assumed to have occurn^l before or after, raXher than 
during, the actual migration. 

More conclusive evidence that no inversion of configuration occurs 
in the migrating group in the Hofmann rearrangeriKuit is contained in the 
series of reactions 12* 03.^^ That the two carboxyl groups in camphoric 


H 2 G 


II 2 C 


HjC 


H 2 C. 



CIb 




COJl IbC 


"COXib 


CHa-C-CH, 


COJI IbC. 


X 


,CO,ll 


ClI 

XIV 


CII 3 

I 


>(12-G3) 


Nil II 2 C" 


"Nib 


CH;-c-cir., 


c=o IbCb 


^cor 

"CJi y 

XV 


acid, XIII, are cis with respect to each other is shown, first, by the prep¬ 
aration of the substance by the oxidation of camphor, XII, for which 
only the cis configuration is possible (cf. Section 9-5); and, second, by 
its ready transformation into the anhydride, XVII, for which again only 
the cis configuration is possible. Moreover, the amino acid, XV, result¬ 
ing from the Hofmami rearrangement of the half-amide, XIV, must also 
be a cis compound in view of its easy conversion into, and regeneration 


A. Noyes, Am, Chem, J, 16, 500 (1804); W. A. Noyes and R. S. Potter, J, Am, 
Chem. 80 c, 34, 1067 (1912); 37, 189 (1915); W. A. Noyes and L. F. NickeU. ifyid. 36, 118 
(1914); S. Archer, itmi, 62, 1872 (1940). 
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from, the lactam, XVI. Consequently, since the configurations of the 
initial and final compounds in the rearrangement are identical, no 
inversion can have o(!Curred. 

If, on the basis of the above evidence, it is accepted that the Hofmann 
rciarrangement takers placie with retention of configuration, the Beck¬ 
mann rearrangciment also can be shown to procteed with retention.^® In 
the seciucnce of njactions 12-64, the (+)-ethyl-yi-butylacetic acid, 

/ 

( } )-( 

Xn-iUlU 

XVITT 


(-f )-TtrOBr -> 

XVIII, is transformed by two different routes into the same (“-)-N-3- 
lu^ptylacetamide, XIX. Ck)nsequenily, an inversion in the heptyl group 
must have ocxnirrtHl both in the Hofmann rearrangeanent in the first route 
from the compound XVIII to the product XIX and in tlie Beckmann 
rearrarig(iment in tlie s(H*ond route; or else no inversion cxjcmrred in either 
reac^tion. For the reasons stated above, the second alternative is pre¬ 
sumably the (;orr(x;t one. 

The most (amclusive evidence for the retention of the configuration 
in the migrating group in a 1,2-shift is that derived from a study of the 
Wolff rearrangement of the optically active diazo ketone of structure 
(not configuration) XX. The pertinent data are summarized in the 

CgH5 

I 

C -CO-ClINa 

I 

Cl 13 

XX 

soquen<!C of reactions 12-G5, in which R represents the 2-phenyl-2- 


) 


(+)-U(X>NH 2 - » (+)-aNHa 


\ 


/ 


(-)-RNH-CO-CH 3 
XIX 


)-R—CO-eils -> (-VR--C—oils 
ll 

NOH 


(12-64) 


(+)-RCOuH R(X>CHN2 (-)-RCH.2C02H — RCH2CO2CH3 

XXlu XX XXII 

I \C 6 H 6 MgBr 

(+)-RC0NH~C6H4“Br-p RCO2H — RCH=C(C6H5)a ^ RCH2C(OH)(CeH6)2 
XXIII XXI6 


<s.T. F. Lane and K. S. Wallis, J. Am, Chetn, Soc, 63, 1674 (1941). 
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hexyl radical at the left of the carbonyl group in stmctiirc XX. In this 
series of reac^tions, (+)-«-phenyl-a:-methylhexanoic acid, XXIa, is 
transformed by the Arndt-Eistert synthesis (see page 4G2) into (—)“/3- 
phenyl-/?-mcthylheptanoic acid, XXII, which is then degraded by the 
so-called Barbier-Wieland degradation to a-pheiiyl-a-inethylhexanoic 
acid, XX16. The identity of the original and linal acids, XXIa and 
XXI6, respectively, was shown by a compai'ison of the properties of the 
derived p-bromoanilides, XXIII. It follows, therefore, that no net in¬ 
version has taken pla.c.e in the series of reactions by whicdi tlie aedd XXIa 
is transformcid into the identi(^al acid XXI6. Moreover, since the AVolff 
rearrangement, in which the acid XXII is produced from the diazo 
ketone .XX, is the onl}'^ st('p of the entire secpience in which the asym¬ 
metric carbon atom is directl}^ affect('d, and since this reaction is ac¬ 
cordingly the only one in which an inversion could have occurred, it 
follows further that the rearrangement must liave taken place with re¬ 
tention of configuration. 

On the basis of the above evidence, it is now generally believed that 
no Walden inversion ever occurs in the group 11 which transfers its at¬ 
tachment from the atom A to the adjacent atom B in structures I~III. 
It is to be noted that, if this assumption is valid, the 1,2-shifts con¬ 
stitute an important class of exceptions to the general rule stated earlier 
(see page 286) that an inversion occurs in ever}'' substitution reaction 
proceeding in one step. 

Although, in acicordance with the Whitmore mechanism, a rearrangement of this 
class is considiired to pro(*(*.cd in altog(;ther three steps, the substitution in the group 
U occurs only in the second one of these steps; it is, accordingly, a one-step process 
taking place with retention of configuration. (For discussion of the further condi¬ 
tion that the displaced group must be Iea\dng while the entering one is coming up, 
see the last paragraph of this s(M!tion.) 

The fact that the migrating group is ordinarily not rac,emized to any 
significant exte^nt in a 1,2-shift, suggt^sts rather strongly that this group, 
in the course of its migration, never breaks completely away from the 
rest of the molecule. In other words, the group in question has ap¬ 
parently begun to be bonded in some way to the atom to which it is 
linked in the final product before it has lost all contact with the atom to 
which it was linked in the original substance. (For a more detailed dis¬ 
cussion of this process, see the following section.) If, for example, the 
radical R of an amide RCONII 2 exists free to any extent in the reaction 
mixture (presumably as the anion R:”), the carbon atom which, in this 
fragment, is left forming only three covalent bonds would be expected 
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to assume a nearly (if not quite) planar configuration. Consequently, 
if this atom were originally asymmetric, it should in the ion R:"~ pass 
over readily to the enantiomorphic configuration (if, indeed, it is not 
actually planar, and hence symmetric); hcuice, the final product that is 
isolated should be at least extensively, and perhaps completely, race- 
mized. Against this reasoning, there might be raised the objection that 
the carbon atom in (question, even though it forms only three covalent 
bonds in the ion R:~ has nevertheless a compk'te octet of electrons in 
its valence shell; and therefore that the possibility cannot be definitely 
excluded that an atom in such a state could maintain its dissymmetric 
configuration for an apprciciable length of time. This alternative inter¬ 
pretation of the lack of racismization can, however, be made highly 
improbable in the following way. The amide XXIV can be obtained in 


N ()2 


CONHj. 
XXIV 



N02 

-<^ \n02 

NHT 

XXV 


optically active form, as a result of a resiriction of rotation about the 
bond between the benzene and the naphthalene rings. (CT. Sections 
()*12 and G-13.) When the dextrorotatory enantiomorph of this sub¬ 
stance is subjex^ted to the Hofmann rearrangement, the resulting amine, 
XXV, is found to be dextrorotatory and not appreciably racemized.**® 
However, if the ion R: in tliis instance had existed as such in the course 
of the rearrangement, racemization would necessarily have occurred, 
since the blocking carboxamide group -COX^H 2 , Avhich prevents co¬ 
planarity of the rings, and which thus makes possible the optical activity 
of the amide XXIV, would no longer be present. In this reaction, the 
question therefore does not arise Avhether a carbon atom forming only 
three bonds, but possessing a full octet, can maintain a pyramidal con¬ 
figuration. It appears necessary, in fact, to presume that the migrating 
group is ncA^er without some blocking group, and hence that it is never 
detached from the remainder of the molecule. The argument would 
not be altered if the migrating group were assumed to break away, not 
as an anion R:“~, but instead as either a neutral radical R* or a cation 
R*^. A completely analogous reaction, Avhich leads to the same con¬ 
clusion, is given by the Wolff rearnuigement of the dextrorotatory form 
of the diazo ketone, XXVI; the resulting acid, obtained in the form of 

« E. S. Wallis and W. W. Moyer. J. Am. Chem. Soc. 55. 2598 (1933). 
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XXVT XXVII 

its dextrorotatory anilides, XXVII, was found to 1)0 again not unduly 
racemized.^^ 

Attention can now he transferred to tlie stereochemical details of the 
substitution at atom B of structures I, II, and 111. llie evideiu‘e leading 
to the belief that a Walden invcTsion clocks occur at atom I> can be illus¬ 
trated with referen(;e to the pinacol rearrang(anent of 7,8-diphenyl- 
acenaphthene-7,8-diol, XXVUI.^® Since the molecule of this glycol 

on OH 

I i 

CeHs—0=C—C(QiIl5)2 

t I I ! 



XXVIII XXIX 


possesses the two equivalent asymmetric (;arbon atoms designated by 
the asterisks, the compound can exist in both a racemic? and a rnrso 
form. In the racemic form, the two hydroxyl groups are on opposite 
sides of the five-membered ring to which they are joined (i.e., an? lra//,s 
with respect to each other), as are likewise the two phenyl groups. In 
the meso form, on the other hand, the two hydroxyl groups are on the 
same side of the ring (i.e., are czs with respect to each other), as are like¬ 
wise again the two phenyl groups. Moreover, inasmuch as one of the 
stereoisomeric forms has been resolved, the question as to which inactive 
form is racemic and which is mrso has been answered unambiguously. 
Now, when the meso- (i.e., m*-) glycol is treated with cither sulfuric or 
p-toluenesulfonic acid, it is transfonned smoothly into 7,7-diphenyl- 
acenaphthenone, XXIX; but when the racemic (i.e., trans-) glycol is 

F. Lane and E. S. Wallis, J. Org, Chem, 6 , 443 (1941). 

D. Bartlett and R. F. Brown, J. Am, Chem, Sac, 62, 2927 (1940). 
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treated similarly, it reacts sluggishly. The resulting production of the 
same 7 , 7 -diphen 3 dacenaphthenone, XXIX, as before is apparently pre¬ 
ceded by the isomerization of the trans to the cis compound. It appears, 
therefore, that only the cisj and not the trans, form can undergo the 
rearrangement in qucistion. Furthermore, the phenyl group that 
migrates replaces a hydroxyl group which, in the original m-glycol, 
was joined to the adjacent carbon atom and was located on the opposite 
side of the five-mcmbenHi ring. Since it is hardly likely, under these 
circaimstances, that the phenyl group could assume the same relative 
position in space that the hydroxyl grouj) which it replaces formerly 
did, the conclusion is drawn that the substitution of a phenyl for a 
hydroxyl group takes place with inversion. If the reaction follow^ed 
inst(^ad the alternative^ course, so that the configuration was not altered, 
tlui phenyl group in its migration Avould have to move, not by the most 
direct route from its original to its final position, but rather in a long 
iiTc passing either around one of the other aromatic rings present or else 
around the remaining hydroxyl group; it may be doubted whether such 
an indirect i)ath is possible, "i^he situation is illustrated in diagrams XXX 
and XXXI, in which the direct, and one of the conceivable indirect, 
routes, respectively, are indicated by the appropriate arrows. The 




planes of the rings in these figures are to be thought of as lying nearly 
at right angles to that of the paper. 

The data regarding the stcric course of the Beckmann rearrangement, 
which were presented in an earlier chapter (see Section 8*4), can be 
considered to support the views expressed in the preceding paragraph, 
even though the nitrogen atom to which the migrating group becomes 
attached in such a rearrangement cannot be asymmetric. If the correct¬ 
ness of the anti shift in the Beckmann transformation is accepted as 
definitely established, then the migrating group must approacjh the nitro¬ 
gen atom (the analog of the atom B in structures I-III) from the side 
opposite the hydroxyl group which it replaces. The situation can be 
described hy means of diagrams XXXII and XXXIII, in which the 
arrows again represent the directions in which the various groups move. 
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R-C-T . . R-C-T 

V II ^ 117 


XXXII 


XXXIII 


R-C-T . ^ R-C-T 

N—OIl ITO-~:N 



XXXIV 


XXXV 


The alternative possibility, that the migrating grou}) 11 or T assumes the 
position in space formerly occupied by the displaced hydroxyl group, 
is seen from the corresponding diagrams XXXIV and XXXV to be 
highly unreasonable. SiiKic, as was noted above, the nitrogen atom at 
which the substitution occurs cannot be asymrnc^tric, the reaction cannot 
be said strictly to involve an inversion of configuration about that 
atom; nevertheless, since the enttu-ing group presumably attac^ks the 
nitrogen atom from the rear, and since such an attack from the rear may 
be considered the essential feature of a Walden inversion (cf. pages 289 f.), 
the occurrence of the anti shift in the Beckmann rearrangement supports 
the belief that a Walden inversion takers plac^c at the atom B (of struc¬ 
tures I-lII) in those instances in which this atom is asymmetric. 

On the basis of the above considerations, the question whether the 
first two steps postulated in the Whitmore mechanism of the 1,2-shifts 
are consecutive or simultaneous can now profitably be considered. If 
these two steps are consecuitive, so that the first is complete before the 
second begins to occur, the intermediate II with the open sextet at atom 


:A—B: 

1 

R 

II 

B must be supposed to exist as such to at least a minute extent in the 
reaction mixture. Under such circumstances, however, the atom B could 
hardly be expected to maintain its asymmetric configuration, since there 
is reason to believe that an atom with only six (electrons in its valence 
shell would be planar, or nearly so, rather than pyramidal. Inversion 
of configuration at atom B could then not be the general rule. For 
example, if the ion XXXVI (the analog of the intermediate II) derived 


R—C—T R—C—T R—C—T 

I! II 

:N—OH HO—N: 

xxxvn xxxvin 


OH 

C6H6—C—C+—Cells 


XXXVI 


N: 

XXXIX 
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from 7,8-diphenylaccnaphthene-7,8-dioI, XXVIII, exists for any length 
of time before the phenyl group and its pair of binding electrons migrate, 
the CIS and the trcins forms of this glycol would have to give rise to the 
same intermediate ion, XXXVI. Consequently, the striking difference 
in behavior of the two stereoisomers would be difficult (although perhaps 
not impossi})le) to explain. IMorcover, in the Beckmann rearrangement, 
two stcreoisomeric oximes, XXXVII and XXXVIII, would necessarily 
give rise to the same intermediate, XXXIX; consequently, if this inter¬ 
mediate exists as siu^li, the two different oximes would have to lead 
ultimately to the same final product. Again, therefore, the experimental 
observations arc (contrary to Avhat would have been expected if the first 
two steps of the rearrangement were consecutive. The conclusion thus 
appears inescapable tliat these two steps are simultaneous. In other 
words, the atom or group R of structures I-IIT, the phenyl group of the 
glycol XXVlll, and the groups R and T of the oximes XXXVII and 
XXXVUI, respectively, must be migrating to their new positions while 
the groups which they replace are departing. Only in this way, ap- 
parentl}^, can the above-mentioned differences in Vjehavior of stereo¬ 
isomers be exjffained. IMorcover, it may be noted further that the 
assumption of simultaneity accounts nicely for the inversion of con¬ 
figuration since, as long as the departing group is still in the neighborhood 
of the atom to which it was originally joined, tlu* migrating group can 
hardly approach from any side ex(;ept the rear. If the two steps were 
assumt?d instead to be consecutive, and if, as would then be necessary, 
the atom with the open sextet in the intermediate were assumed to 
maintain its configuration, the replacement might be expected to proceed 
with retention, and not with inversion, of configuration. 

12-10 The Mechanism of the Actual jMigration in the 1,2- 
Shifts.^® As has been stated at numerous places in the preceding sec¬ 
tions, the sticond st c^p in the Whitmore mechanism of a 1,2-shift consists 
in the migration of an atom or group, together with its pair of binding 
electrons, to a position adjacent to the one occupied in the original sub¬ 
stance. The manner in which this migration takes place can now be 
discussed in more detail than was hitherto possible. 

Several features of the migration, which have already been mentioned, 
must be taken into account in any completely satisfactory picture of the 
process. These features are, first, the retention of stereochemical con¬ 
figuration in the migrating group; second, the inversion of configuration 
at the atom to which the migrating group ultimately becomes attached; 
third, the failure of the migrating group ever to become completely free 

" Cf, G. W. Wholand, The Theory of Resonance^ John Wiloy and Sons, New York, 1944, 
pages 216 £T., 279 ff. 
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from the remainder of the molecule at any time during the reaction; 
and, fourth, the simultaneity of the migration with the logically proceed¬ 
ing step, in which an open sextet is i)roduced. (Sene thee pi’eceding sec¬ 
tion.) As will be shown below, a relatively simple mechanism of the 
transformation, satisfying these four conditions, can indexed be devisc'd 
with the aid of the conceept of resonance. 

In the following discussion, the generalized structures la, IT, and Ilia 


;A—B: 

• 

1 

! 

:A—JR 

1 1 

1 S: 

1 S: 

II S 

R 

R 

la 

II 

Ilia 


of the original substance and of the two assumed intermediates, respec¬ 
tively, will be employed. For later convenience, the fragment S:, which 
breaks away from the molecule la, is represented explicitly in structures 
II and Ilia, even though it is not to be considered bonded in any way to 
the remaining atoms of these stnictures. Two simplifi(‘ations will be 
employed in the treatment: first, f-he atom or group 8 of stnutiire la, 
together with its binding electrons, will be assumed to bn^ak away 
spontaneously (i.e., the reaction will be assumed to follow the course 
la of page 476); and, second, the concluding step of the rc'arrangement 
(i.e., the transformation of the intermediate Ilia into the stable product 
which is finally isolated) will be ignored. Neit her of these simplifications, 
however, is an essential part of the treatment; in a manner whicdi should 
become obvious later, either or both of them could bo eliminated, if 
desired, at the expense of an increase in tbe complexity of the argument. 

So long as the rearrangement has not progressed to any appreciable 
extent, the reacting system can be described, with an accuracy sufficient 
for most purposes, by structure la of the original substance. Similarly, 
after the migration has taken place, the system can be described, with 
a similar accuracy, by structure Ilia. (It will be remembered that the 
third step of the rearrangement, in which the intermediate Ilia is 
stabilized, is here being ignored.) Nevertheless, the system cannot be 
described with complete accuracy, either at the outset or at the end of the 
migration, except in terms of resonance among a large number (actually 
an infinite number; see page 403) of structures, of which structures la 
and Ilia, respectively, are merely the most important ones. Ordinarily, 
these additional structures make such small contributions to the states 
of the system that they can be ignored; certain ones of them, however, 
turn out to be essential to an understanding of the migration itself. 
Thus structure 16, in which the electrons are paired as in la, but in 
which the relative positions of the atomic nuclei are those characteristic 
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of Ilia, may be considered to make a small contribution to the state 
of the intermediate described heretofore simply as Ilia. (The dotted 
lines between A and R, and between B and S, represent formal bonds, as 
usual. See Section 10-8.) Similarly, structure III6, in which the elec- 

:A~B: 

\ ’*S R*‘‘S: 

R 

16 in6 

trons ar(i paired as in Ilia, but in which the relative positions of the nuclei 
are those characteristic of la, may be considered to make a minute con¬ 
tribution to the state of the original molecule. (The dotted line again 
represents a formal bond.) In other Avords, resonance can occur between 
structures la and II16, with the former much the more important, and 
also between structures Ilia and If>, again with the former much the 
more imi)ortant; for, in the two structures of either pair, the positions 
of the nuclei and the numbers of unpaired electrons are the same. On 
the other hand, however, no resonancje can occur either between struc¬ 
tures la and 16 or l:)etween structures Ilia and II16, for here the nuclear 
positions are widely different. (Cf. Section 10*7.) 

Structures la and 16, in which the electrons are paired in the same 
manner, but between which, as was just noted, no resonance can occur, 
can conveniently be regarded as merely two different geometrical phases 
of a single structure, which may be called structure I. The point of 
view adopted here is readily seen to be not essentially different from the 
one Avhich is adopted implicitly whenever two different conformations 
(i.e., geometrical phases; cf. page 176) of a molecule like that of ethane 
are said to correspond to the same stnicture. Moreover, in a completely 
similar manner, the two structures Ilia and III6 can likewise be regarded 
as merely tAvo different geometrical phases of a single structure, which 
may be called stnicture III. As the group R migrates from its position 
in the original substance to that in the product, each of these tAvo struc¬ 
tures I and III passes through an infinite number of intermediate 
geometrical phases, just as a molecule of ethane, in going from any one 
conformation to any other, passes through an infinite number of inter¬ 
mediate conformations. 

In Figure 12-1, an attempt is made to shoAv in a schematic manner 
how the energies of the two structures I and III vary in the course of the 
migration. The abscissa x is a parameter Avhich is related to the posi¬ 
tions'of the atomic nuclei; it is defined Avell enough for the purposes of 
this discussion by the statement that it assumes the value 0 at the 
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beginning of the migration, when the atomic positions are as in struc¬ 
tures la and III6; the value 1 at the end of the migration, when the 
atomic positions are as in structures Ilia and lb] and intermediate values 
during the migration, when the atomic positions are intermediate be¬ 
tween the extremes. At the outset, when x is equal to 0, structure I 
reduces simply to la, w'hich is unstrained and so has a low energy. As 
the migration proceeds (i.e., as x increases), the energy of this structure 
rises since the lengths of the A—R and B—S bonds are increased, and 



Figure 12*1. The energies E of structure I (curve APB)y of structure TII (curve 
CPD)y and of their resonance liybrid (curve AQD) as functions of a parameter x 
wiiich defines the extent of the migration. 


since the B—A—bond angle is distorted. Finally, when the migra¬ 
tion is complete, with x equal to 1, structure I reduces simply to 16, 
which is very highly strained and so has a very high energy. This varia¬ 
tion in the energy of structure I is shown qualitatively by curve APB 
of Figure 12-1. Conversely, structure III, which reduces to the strained 
III6 when x is equal to 0, and to the xmstrained Ilia when x is equal to 1, 
becomes progressively more stable as the migration proceeds; its energy, 
accordingly, decreases along some such curve as CPD. 

For each value of x (i.e., for each set of relative positions of all the 
atomic nuclei), resonance must occur between structures I and III. As 
* a result of this resonance, the energy of the actual system is lower than 
that coiTesponding to either individual structure. Consequently, the 
true dependence of the energy of the system upon the parameter x is 
that shown schematically by the curve AQD, which lies below both the 
curves APB and CPD but becomes practically coincident with the lower 
one of these at each extreme. As the group R migrates from its initial 
to its final position, S moves away from the molecule, x increases from 
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0 to 1, and the system may be said to progress along this curve AQD. 
At the point Q, where the energy is a maximum, the system is described 
as being the activated complex^ or the transition state, for the reaction. 
The energy which must be supplied to produ(;e this activated complex, 
and which is accordingly represented in the figure by the vertical dis¬ 
tance YQ, is of course the activation energy of the reaction. Only 
those molecules which have an amount of energy equal to or greater 
than AE^ are able to “climb the hill^' from A to Q and to pass over into 
the next “valley^’ at Z>. In other words, only such molecules are able 
to undergo the reaction. (Cf. Section 6-6.) It may be presumed that 
the valley at D ordinarily lies lower than does the original one at A ; 
and that the difference in energy at these two points, which is represented 
in the figure by the distance ZD, and which is equal to the energy —AS 
liberated in the reaction, provides the major part of the driving force 
that makes the reaction take place at all. 

It should bo noted that the system at the point I) is considered usually not to be 
in its final state but. to be instead in an intermediate state in which the molecule 
still possesses an open S(5xt(;t. (3onse(iuently, the major part of the driving force 
of the reaction may be provided instc^ad by the further dt^crease in energy that occurs 
when this intermediate is stabilized in the third, and final, step of the rearrangement. 
Such considerations, however, do not affect the principles involved. The point D 
may then lie above the point Z, and not below it as it docs in Figure 12-I. More¬ 
over, it should be noted further that the theoretically important distinction between 
the chang(5s in internal energy and in standard free energy, and AF°, respectively, 
has been ignored here; it may be doubled, however, whether any serious error has 
been introduced thereby into the above purely qualitative discussion. 

As the migration proceeds, structure I becomes progressively less 
stable, as was pointed out above, while structure III becomes progres¬ 
sively more stable. Consequently, although resonance between the two 
structures occurs at all times, the contribution of structure I steadily 
decreases, while that of structure III steadily increases. When x has 
reached the value corresponding to the point P (which is also at least 
approximately the value corresponding to the point Q), the energies 
are equal, and so the two structures make nearly, if not exactly, the 
same contribution. Finally, at the completion of the migration, struc¬ 
ture I, which was originally “the'' structure of the system, has become 
of negligible importance, and structure III, which was originally of 
negligible importance, has become “the" structure. The whole process 
has then taken place in a completely continuous manner without sudden 
transitions or “quantum jumps" of any kind. 

It will now be of interest to consider whether the mechanism described 
above really satisfies the conditions imposed at the beginning of this 
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section. That it does indeed do so is practically obvious. In the first 
place, the retention of the configuration of the migrating group R is 
ensured by the manner in which R merely ^^slides over’’ from atom A 
to atom B. In the process, the atom B can approach the group R only 
from the front; hence, in R, no inversion is possible. In the second place, 
an inversion at the atom B seems necessary since, as the group R comes 
up from one side, the departing atom or group S: can move only in the 
opposite direction if it is not to collide with R and thus to make the 
approach of R impossible. In the third place, the group R is certainly 
never completely free from the rest of the molecule, since it is always 
bonded either to atom A or to atom B, or else (through resonance) 
partly to both A and B at the same time. And, in the fourth plac^e, the 
departure of the atom or group S: and the migration of R (i.e., the first 
two steps of the rearrangement) are actually considered to be simul¬ 
taneous. As a matter of fact, in consequence of this simultaneity, the 
intermediate with structure II, which in previous sections was assumed 
to be formed in the first step and to react further in the second step, has 
been completely b 3 ^-passed. As is readily verified, this intermediate, 
which was listed, for reasons of continuity, at the beginning of this sec¬ 
tion, was never again referred to in the subsequent discussion. From 
the point of view here developed, therefore, the first two steps have com¬ 
pletely coalesced, so that the formerly assumed intermediate II has been 
eliminated. If the third step of the rearrangement is considered to be 
simultaneous with the first two, the further intermediate Ilia also is 
found, in a completely similar manner, to disappear. 
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Molecular Rearrangements 
Further Types 


13 • 1 IntrcKluction. The disemsion of the 1,2-shift in the preceding 
chapter has been exceptionally long and detailed because the rearrange¬ 
ments belonging to this class can assume a very large number of dif¬ 
ferent forms, and because a relatively great amount of information is 
available regarding the occurrence, course, and mechanisms of such re¬ 
actions. The discussion of the remaining types of rearrangement in this 
chapter, on the other hand, will be considerably more brief, because the 
scopes of these further reactions are comparatively narrow, and because, 
in many instances, comparative!}^ little is known about their mechanisms. 
A number of these reactions appear to proceed by a dissociation into 
fragments, which may be ions, radicals, or reactive molecules, and which 
subsequently recombine to form the final products. Such transforma¬ 
tions, since they do not take place intramolccularly, should perhaps not 
be classified as rearrangements at all. Nevertheless, several reactions 
of this type will be discussed here, since (superficially at any rate) they 
bear a very close resemblance to the true intramolecular rearrangements. 

13-2 The Allylic Rearrangement. Very frequently, a substance 
which can be represented schematically by structure I, and which there- 

III III 

T—C=C—C- T—C—C==C- 

I I 

R R 

I II 

fore contains the so-called allylic system, undergoes an easy rearrange¬ 
ment to an isomeric substance, which can be represented similarly by 
the isomeric structure II, with a different allylic system. For example, 
either crotyl bromide, III, or methylvinylcarbinyl bromide, IV, rear- 

CH 3 —CH—CH=-CH 2 
CH 3 —CH=CH—CHgBr Br 

III 
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ranges to an equilibrium mixture of the two (containing 86 per cent of 
the compound III and 14 per cent of the compound IV) in a few days 
at room temperature, or in less than 5 minutes at lOO^C.^ Moreover, a 
substance containing any particular ally lie system, I, frequently under- 
goes a substitution reaction, in which the atom or group R is replaced 
by a different atom or group S, and in which the product is derived 
from the isomeric allylic system, IL For example, the pentenyl bromide, 
V, gives the rearranged alcohol, VI, on hydrolysis, although it gives the 

(CH3)2C—CH=CH2 

(CH3)2C=CH~CH2Br OH 

v VI 

expected ether, VII, on treatment with sodium ethoxidc. (Cf. page 

(CH3)2C=Cn—CHa—O—C 2 II 5 

VII 

126.) Similarly, hydrolysis of the ester VIII leads to the rearranged 

C6H5 

CH3—CH=CH—CH—O—CO 

liOsC 

VIII 

alcohol IX when the reaction is carried out under mild conditions, but 

CeHs 

I 

CH3—CH—CH==CH 

I 

OH 

IX 




to the normal product X when the reaction is carried out with 5 N 
sodium hydroxide (cf. pages 282 f.); and the action of hydrogen bro¬ 
mide upon either of the alcohols XI and XII gives a mixture of the 

CH3—CH—CH=CH2 
CH3—CH=CH—CH2OH OH 

XI XII 


bromides III and IV.^ 

Of the explanations that have been proposed for the above rather 
erratic allylic rearrangements, the one that is at present most favored 


1 W. G. Young and S. Winatein, J. Am. Chem. Soc. 67, 2013 (1936). 
* W. G. Young and J. F. I-<ane, J. Am. Chem. Soc, 60, 847 (1938). 
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can be illustrated with the reactions of the unsaturated chlorides XIII 
CH3—CH=CH—CII2CI CH3—CHCl—CH=CH2 

XIII XIV 

and XTV, which have stnuitures analogous to those of the respective 
bromides ITT and IV.^ When these substances are treated with sodium 
ethoxide in ethyl alcohol, they are transformed into their ethyl ethers, 
XV and XVI, respectively, without rearrangement. Since the rate of 

CII3—CH—CH=CH2 

CII3—CH=CII—CH2—O—C2H5 O—C2H5 

XV XVI 

each of these reactions is proportional both to the concentration of the 
organic chloride and to that of ethoxide ion, the mechanism of the sub¬ 
stitution may be considered to consist in an attack by the ethoxide ion 
upon the carbon atom to which the chlorine atom is attached. Presum¬ 
ably the reaction is accompanied by an inversion of configuration at the 
atom at ^vhich it occurs. (Cf. pages 286 ff.) The mechanism thus 
appears to be analogous in all respects to those of the corresponding 
reactions of most saturated primary and secondary halides. On the 
other hand, when the chlorides XIII and XIV are dissolved in ethyl 
alcohol containing no sodium ethoxide, a slow solvolysis takes place, 
and there is produced a mixture of the two ethers XV and XVL More¬ 
over, approximat(*ly the same mixture of ethers is obtained from each 
of the two chlorides. Obviously, therefore, a second mechanism of ether 
formation, which, unlike the first one, leads to partial rearrangement, is 
possible under these more mild conditions. This second mechanism, 
however, becomes manifest only when the concentration of ethoxide 
ion is extremely low or, in other words, when the rate of the first- 
mentioned reaction, which is proportional to the concentration of 
ethoxide ion, becomes extremely small. Obviously also, the rate of the 
solvolysis reaction proceeding by this second mechanism must be 
independent of the concentration of ethoxide ion, since the reaction 
still proceeds at an appreciable rate in the presence of the hydrogen 
chloride which is one of its products. The reagent which provides the 
ethoxyl group, accordingly, cannot be the ethoxide ion but must instead 
be un-ionized ethyl alcohol. In order that the production of the same 
mixture of ethers from each of the two chlorides may be accounted for, 
it is necessary to presume that both chlorides give rise to a common 
intermediate, which then reacts with the solvent. Most usually, this 
intermediate is thought to be a cation resonating between the two 


* A. G. Catchpole and E. D. Hughes, J, Chem, Soc, 1948, 4. 
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structures XVII and XVIIF. As is sho^vn in the sequences of reactions 
13-1 and 13 * 2 , this postulated cation (XVII^XVIII) could indeed be 

CH 5 --CH=::^CI{--Cn 2 CI f CHy-CH^CH-C+H.' 

XIII XVII 

I +cr ( 13 - 1 ) 

CHa—CHCI-CH^CHo CHa—C+H—CH--CII., 

XIV XVIII 

CHa-OHrr-CH—Cn-i-O+H-eilli, 

CHa-eirrrrCH—OH2 

I +H-»- 
0-C2H6 

XV (13.2) 

CHa- CH-rHTTr-CH-. ^ ‘ (7Ta-~rir-rH=rrC)H2 
■ 1 

O^II—Calla 0 —Callfi 

XVI 

formed equally well from either of the unsaturated chlorides; it must 
have the same resonating stnicture regardless of its source; and it could 
lead to the observed mixture of products. (For the significance of the 
double-headed arrows here and below, see page 391 .) Moreover, the 
stabilization of the cation by the resonance is doubtless an important 
factor leading to its relatively great ease of formation. The mc(;hanisrn 
is therefore consistent with all tlu^ significant features of the reactions, 
even though it does not enable one to predict in advance the relative 
amounts of the ethers XV and XVI w^hich are formed. 

If it is assumed, as above, that a substitution reaction of an allylic 
compound can proceed either by a direct replacement without rearrange¬ 
ment, or by a preliminary dissociation to a resonating ionic intermediate 
(or by both mechanisms at the same time), the identity of the product 
can ahvays be explained. For example, the rearrangement of either of 
the bromides III and IV (see above) to the equilibrium mixture is easily 
understandable in terms of a reversible ionization of the bromides and 
of resonance in the resulting cation. (Cf. equations 13 - 1 .) Further¬ 
more, the hydrolysis of the pentenyl bromide, V, to the alcohol VI can 
be explained as proceeding through the corresponding ion, which here 
gives only one product, whereas the formation of the ether VII from the 
same bromide and sodium ethoxide can be explained as the result of a 
direct attack by ethoxide ion. And finally, the reactions of the alcohols 
XI and XII with hydrogen bromide must go partly through the resonat¬ 
ing ion, XVII XVIII, and partly by direct attack upon the carbon 
atoms to which the hydroxyl groups are attached; this conclusion follows 
from the fact that crotyl alcohol, XI, although it leads to a mixture of 
the bromides III and IV, gives somewhat more crotyl bromide, III, 
than does the isomeric alcohol, XII.^ 


CH8-Cn=CH-C+H.2 

XVII 

I ■ + CoIIsOIT 

eH8-c+H--c:H=cn2 

XVIII 
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An alternative mechanism of the allylic rearrangement, which is less 
favorably regarded than is the ionic one just discussed, but which may 
be valid in some instances, can be described as of the ‘^push-and-pulF' 
type. For example, the formation of ethyl crotyl ether, XV, by the 
action of ethyl alcohol upon methylvinylcarbinyl chloride, XIV, can be 
imagined to be dependent upon an attack by the alcohol molecule upon 
the carbon atom in the position that is gamma with respect to the 
chlorine atom replaced. This mechanism, which is represented schemati¬ 
cally in equation 13 * 3 , seems much less reasonable for the particular 

CH»-CH-Cn-:CH 2 - cr + CHa—CH==(.’n-CH 2 - ('H3-CH=CH—CH 2 

ii HO+-C2H6 

/ ( 13 - 3 : 

xrv XV 


reaction now under discussion than does the one based upon ionization, 
since it could onl}^ with considerable difficulty be recjonciled with the 
observed compositions of the i)rcKlucts obtained in the several reactions 
mentioned above. On the other hand, since the actions of acetoacetic 
ester, XIX, upon cinnamyl alcohol, XX, and upon phenylvinylcarbinol, 

CH3—C0~CH2—C^02-C2H5 Cells—CH=CH~CH20n 

XIX XX 


XXI, give in each instance only the rciaiTanged products, XXII and 


CeHs—CHOU—CH=CH2 

XXI 


CeHs—CH—CH=CH2 


CH2—CO—CHa 


XXII 


CeHs—CH=CH—CH2 

CH2—CO—CH3 

XXIII 


XXITI, respectively,^ some sort of push-and-pull mechanism for these 
reactions secims to be reipiired, even though the details of the reactions 
are not entirely clear. ]\Ioreover, the Claisen rearrangement freipiently 
involves a simultaneous allylic rearrangement which is definitely of the 
push-and-pull type. (See the following section.) 

The distinction between the ionic and the push-and-pull mechanisms 
of the allylic rearrangement is that in the former, but not in the latter, 
the resonating intermediate ion (XVII ^ XVIII, or the like) is assumed 
actually to exist as such in the reaction mixture. There is, however, no 
sharp dividing line between the two points of view, since the question 

^ M. F. Carroll, J, Chem. Soc. 1940, 1266. See also C. L. Wilson, Trans. Faraday Soc. 
37, 631 (1941). For a study of this reaction, see W. Kiinel and A. C. Cope, J. Am. Chem. 
Soc, 66, 1992 (1943). For a general discussion of push-and-pull mechanisms, with further 
examples, see R. E. Kepner, S. Winstein, and W. G. Young, ibid. 71, 115 (1949), 
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whether a given intermediate in a given reaction is or is not sufficiently 
independent to be said to ^‘exist as such^^ is a rather nebulous one. It 
is, in fact, possible to imagine a continuous gradation of mechanisms 
ranging from the extreme ionic to the extreme push-and-pull type. Con¬ 
ceivably, most allylic rearrangements are of intermediate type. With the 
exception of certain rare reactions, such as the above-mentioned ones of 
acetoacetic ester with cinnamyl alcohol and with phenylvinylcarbinol, 
and of the Claisen rearrangement, the ionic mechanism seems ordinarily , 
however, to be quite satisfactory. In any event, it should be noted that, 
no matter which mechanism is adopted, the intermediate resonating ion 
need not be assumed ever to be present in a coiK^entration sufficiently high 
that its existence is demonstrable by a measurement of conductivity or 
by any other analogous experiment. 

In the examples of the allylic rearrangement that have been mentioned 
so far, the substituent R of structures I and II is of such nature that 
it can form a stable anion. The organic residue which is stabilized by 
resonance is therefore necessarily a cation. Other examples are known, 
however, in which R may be presumed to break away as a cation and so 
to leave behind a resonating organic anion. Thus, when allylbenzene, 
XXIV, is refluxed with alcoholic potassium hydroxide, it is transformed 

CeHg—CH2—CII=Cn2 Cello—CII=CII—CIl3 

XXIV XXV 


into the isomeric propenylbenzene, XXV. The mechanism of this re¬ 
arrangement is doubtless that shown in equation 13 - 4 . The stabiliza- 


C6H5—"h CiHftO 
XXIV 


C6H6-CU-CH=CH2 C6H6~CH=CH-CH2 



+ C2H60H 


CqHs—CH=CH—O ils -1“ C 2 H 6 O"" ^ 
XXV 



(13-4) 


tion of the intermediate ion by the resonance is doubtless, as in the 
preceding examples, an important factor in facilitating the rearrange¬ 
ment. Moreover, the fact that propenylbenzene is formed from allyl¬ 
benzene, rather than vice versa, can be related to the stabilization of 
the former substance by the resonance which results from the conjuga- 
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tion of the ethylenic double bond with the aromatic ring. (Cf. Section 
10 * 10 .) 

Many reactions of the foregoing type, in which unconjugated double 
bonds are changed into conjugated ones, are kno^vn and can be inter¬ 
preted in a similar way. Thus, the transformation of eugenol, XXVI, 


OH 

OH 

OH 

/^CIl3 

I'^^CHa 

r^ocHs 

V 

V 

V 

CH2—CII=CIl2 

CH==CII—CII3 

CHO 

XXVI 

XXVII 

XXVIII 


into isoeugenol, XXVII, is an essential step in an important method of 
manufacturing vanillin, XXVIII. Moreover, and i8,7-unsaturated 
carbonyl compounds can similarly be interconverted; rather imex- 
pectcdly, however, the conjugated a,/ 3 -compound does not always 
predominate in the equilibrium mixture. Thus, although with the 
pentenoic acids, XXIX and XXX, the equilibrium is greatly in favor 

CHa—CH2—CII=CH—CO2H CH3—CH=CH—CH2—CO2H 

XXIX XXX 

of the conjugated «,/ 3 -compound, XXIX, with the /S-ethylpentenoic 
acids, XXXI and XXXII, the opposite is true. The rather erratic 


CHs—CH2—C=CH—COoH 

Llh 

XXXI 


CII3—CH=C—CH2—CO2H 

I 

C2II5 

XXXII 


manner in which the position of the equilibrium is affected by apparently 
minor changes in structure is sho^vn by a comparison of the pair of 
isomeric methyl ketones, XXXIII and XXXIV, with the pair of closely 


CHs—CH2—C===CH—CO—CH3 

I 

CH3 

XXXIII 


CHg—CH=C—CH2—CO—CH3 

iH3 

XXXIV 


related ethyl ketones, XXXV and XXXVI. With the former substances, 
CH3—CHz—C=CH—CO—C2H5 CH3—CH=C—CH2—CO—C2H5 

CH3 iH3 

XXXV XXXVI 
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the equilibrium is considerably in favor of the unconjugated ketone, 
XXXIV, whereas, with the latter, it is in favor of the conjugated ketone, 
XXXV. ^ Although the complete explanation of these variations is not 
at present known, one of the factors involved probably arises from a 
stabilizing effect exerted by alkyl substituents that are attached to 
unsaturated atoms. This effect is illustrated, for example, by the fact 
that the heat of hydrogenation of 1-butene, XXXVII, is greater than 

CHs—C—II 

II 

CH2=CH—CH2—CHa CHs-C—H 

XXXVII XXXVIII 

the heats of hydrogenation of cis- and /rans-2-butenes, XXXVIII and 
XXXIX, respectively, by 1.8 and 2.7 kcal per mole, respectively,® even 

CH3—C—H 

II 

H—C— CH3 CH3—CH2—CH2—CH3 

XXXIX XL 

though the product of each reaction is the same substance, n-butane, 
XL. This stabilization is possibly due to the hyperconjugation resulting 
from resonance with such structures as XLI~XLII1, with formal bonds. 
(See Section 10*10 and pages 502 f.) With 1-butene, resonance occurs 


CH2—CII=CH—CHj CH2=CII—CH—CII2 CIIz—CH-CH«=CH* 

**.. II.II H .. 

XLI XLII XLin 


between structures XXXVII and XLI; hence the double bond is here 
‘^hyperconjugated^^ with only one alkyl group. With 2-butene, on the 
other hand, resonance occurs among structures XXXVIII (or XXXIX), 
XLII, and XLIII; hence the double boiid is now ^^hyperconjugated^^ 
with two different alkyl groups. The latter hydrocarbon, therefore, has 
the greater resonance energy and hence is (thermochemically) the more 
stable. 

Allylic rearrangements may occur also in the reactions of the Grignard 
reagents that are prepared from allyl halides. A typical example is 
provided by the sequence of reactions 13*5. (Benzyl chloride, XLIV, 

® For further examples of this type of rearrangement of imsaturated carbonyl compounds, 
see J. W. Baker, Tautom&rism, D, Van Nostrand Company, New York, 1934, pages 154 ff. 

•G. B. Kistiakowsky, J. It. RuholT, H. A. Smith, and W. E. Vaughan, J. Am, ChmK 
80 c. 67, 876 (1935). 
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Cellfi—CIl2->C02H 


XL VI 


___ C JI5-CII2-NII2 

CoII^-ClI.Cl CcIh-CIIa-MgCl XLVII 

sTljiCO 

^0-Cll3-C6H4~CIl20H 

CIl8< ^ XLVIII 

O-CHs-Celh-CO—CIIa 

XLIX 



(13-6) 


may bo considorod to be a special type of allyl halide, in which the double 
bond of structures I and IT is replaced by a phenyl group.) The first 
two of these reactions, in whicih phenylacetic acid, XLVI, and benzyl- 
amine,^ XLVII, ai’o produced, are perfectly normal; the latter two reac¬ 
tions, however, in which o-methylbenzyl alcohol, XLVIII, and o-methyl- 
acetophenone,® XLIX, are produced, involve allylic rearrangements. 
Moreover, since the reaction between acetyl chloride and 2 , 6 -dichloro- 
benzylmagnesium chloride, L, gives 3 , 5 -dichloro- 4 -methylacetophenone, 


CH2—MgCl 


CV ^C 1 
\/ 


L 


CH3 

cir^ci 


CO—CH3 

LI 


LI, it is evident that, when both ortho positions are blocked, the anoma¬ 
lous reaction can occur at the para position of the benzene ring.® 

In each of the above rearrangements of the benzyl Grignard reagents, 
two reactions, namely, the formation of the Grignard reagent and its 
further transformation, always intervene between the original benzyl 
chloride and the final anomalous product. Consequently, there is a 
possibility that the rearrangement might have occurred in either of these 
reactions. The assumption is commonly made, however, that the 
Grignard reagent is normal, as is shown in formulas XLV and L, and 
that therefore the rearrangement occurs in the concluding step. Perhaps 
the best justification for this belief is derived from the fact that the 
Grignard reagent, XLV, gives some unrearranged products, such as 
phenylacetic acid, XLVI, and benzylamine, XLVII. In order to explain 
these products, one must assume either that two rearrangements, which 
exactly cancel each other, have occurred, or else that no rearrangement 

^G. H. Coleman and R. A. Forrester, J, Am. Chem. Soc. 58, 27 (1936). 

* P. R. Austin and J. R. Johnson, J. Am. Chem. Soc, 64, 647 (1932). 
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at all has occurred. The latter possibility, since it is the simpler, may 
be accepted as probably correct in the absence of any information to 
the contrary. Moreover, the fact ® that the Grignard reagent prepared 
from o-bromotoluene, LII, when treated with carbon dioxide, gives 



LII LIU LIV 

o-toluic acid, LIII, and not phenylacetic acid, XLVT, is also most easily 
interpreted on the assumption that this latter Grignard reagent has the 
expected structure LIV, whereas the one from benzyl chloride, XLIV, 
has structure XLV. The evidence is, however, not completely conclu¬ 
sive, and so there remains a possibility that the structures assigned 
above to the Grignard reagents are incorrect. 

13 • 3 The Claisen Rearrangement.® When a simple or substituted 
allyl ether of a phenol or enol is heated to about 200®C, it usually 
undergoes a rearrangement, in which the allyl group loses its attachment 
to the ether oxygen atom and becomes linked instead to a carbon atom 
of the phenolic or enolic system. The simplest example of this reaction 
is provided by the rearrangement of allyl vinyl ether, I, to allylacetalde- 

ch2=ch—CH 2 —o— ch==ch2 ch2==m::h—CH 2 —CH 2 —cho 

I II 

hyde, II.^® Moreover, allyl phenyl ether, HI, is similarly transformed 


C>~CH2—CH=CH2 



OH 


/^H2—CH=CH2 

V 


III IV 

into o-allylphenol, IV; and ethyl 0-allylacetoacetate, V, is transformed 
O—CH 2 —CH=CH 2 O CH 2 —CH=€H 2 

CHs—C=CH—CO 2 — CgHg CHg—C— in— CO 2 —CaHol 

V VI 

into ethyl of-allylacetoacetate, VI. This last-mentioned reaction is of 

• For further details regarding the Claisen rearrangement, and for many further refer¬ 
ences to the original literature, see D. S. Tarbell in II. Adams, Organic Reactions^ John 
Wiley and Sons, New York, Volume II, 1944, Chapter 1. 

C. D. Hurd and M. A. Pollack, J, Am. Chem. Soc. 60, 1906 (1938). 
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historical interest since it was the first example of the Claisen rearrange¬ 
ment to be discovered. 

With the allyl aryl ethei's, the migrating group ordinarily goes to the 
ortho position of the aromatic ring if there is at least one such position 
that is not already occupied. On the other hand, it can go instead to the 
'para position if both ortho positions are blocked by substituents. Allyl 
2,6-dimethylphenyl ether, VII, for example, gives 2,6-dimethyl-4- 


0 --CIT 2 —ch=ch2 oh 



CH 2 —CH=CH2 

VII VIII 

allylphenol, VIII.’^ On the other hand, if both the para position and 
the two ortho positions are blocked, the rearrangement does not occur 
unless, as happens in a few instances, one of the blocking groups is 
ejected in the reaction. Migration to a vacant meta position has never 
been observed. The rearrangement, regardless of whether it is ortho 
or para, usually takes place smoothly without a catalyst (although 
ammonium chloride is reported occasionally to make the reaction faster) : 
the yield is frequently almost quantitative. 

In the naphthalene series, an allyl group can migrate from a oxygen 
atom only to the adjacent a carbon atom, and not to the adjacent ^ 
carbon atom, even though the latter atom might seem to be just as 
**ortho^^ as the former. For example, 2,6-diallyloxynaphthalene, IX, 



IX 


gives only l,5-diallyl-2,G-dihydrox>maphthalene, X, and no 1,7- or 

CH 2 —CH=CH2 



CH2=CH—CH 2 

X 

« D. S. Tarbell and J. F. Kincaid, J, Am. Chem. Soc. 62, 728 (1940). 
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3,7-diallyl-2,6-dihydroxynaphthaIene (XI or XII, respectively). In- 


CH 2 =CH—CH21 


CII2—CH=CH2 

/V^OH 


XI 


cii2=cn—ciioi 



OH 

CII2—C 1 I=CH 2 


XII 


deed, if the 1 and 5 positions are blocked, as in l, 5 -diallyl- 2 ,r)>diall 3 d- 
oxynaphthalene, XIII, no rearrangement takes place at all.^" The situa- 


CH2=CH—CH2- 



CH 2 —CH=CH2 
,0—CH 2 —C1I=CH2 


CII2—CH=CH2 

XIII 


tion is therefore analogous to that encountered in the substitution 
reactions of 2,7-dihydroxynaphthalene. (Cf. page 430.) 

A very interesting feature of the Claisen rearrangement is that, at 
least with the allyl aryl ethers when the migrations are to the ortho 
positions, an allylic rearrangement occurs simultaneously in the migrat¬ 
ing allyl group; or, in other words, that the carbon atom by which this 
group is attached to the ring in the final produc.t is gamma wdth respect 
to the atom by which it was linked to the oxygen atom in the original 
ether. Thus 7 -ethylaIlyI phenyl ether, XIV, rearranges to o-(a-ethyl- 

OII 

<^h==ch2 

1 

C 2 H 5 

XV 

allyl)-phenol, XV (however, see page 555), and, conversely, a-ethylallyl 
phenyl ether, XVI, rearranges to o-( 7 -ethylallyl)-phenol, XVII.^®*^^ 

L. F. Fieser and W. C. Lothrop, J, Am, Chem, Soc, 67, 1459 (1936). 

” W. M. Lauer and W. F. Filt^ert, J. Am, Chem, Soc, 68, 1388 (1936). 

C, D. Hurd and M. A. Pollack, J, Org, Chem, 3, 660 (1939), 


(>—CH2—CII=CI 1 C 2 H 5 
/\ 


XIV 
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O-CH—CH==CH2 

/\ I 


C2H5 


OH 

/\cH2—CH==CHC2H5 

V/ 


XVI 


XVII 


In the analogous rearrangements of the enolie ethers, a similar inversion 
of the ally! group is found sometimes to occur, and sometimes not to 
occur. Thus, ethyl 0 -cinnamylacetoacetate, XVIIT, gives ethyl a-(a- 

0—CH 2 —CH=CH—CeHs 

I 

CII3—C==CH—CO2--C2H5 
XVIII 


phenylallyl)-acet()acetate, XIX, with inversion at 110 °C in the presence 
O Cn(CfiH5)-CH=CH2 0 CH 2 —CH=CH-~C 6 H 5 

II I I! I 

CH 3 —C—CH—CO 2 —C 2 H 5 CH 3 —C—CH—CO 2 —C 2 H 5 

XIX XX 

of ammonium chloride,^® but it gives instead ethyl a-cinnaraylaceto- 
acetate, XX, without inversion at 2()()°C.^‘'’ (This use of the word 
‘‘inversion” must, of course, be sharply distinguished from that in the 
discussion of stereochemistry. No reference is here intended to the 
configuration of the substituted allyl group or to that of any atom con¬ 
tained in it.) 

The question whether an inversion occurs in the allyl group when it 
migrates to the para position is still far from settled. Only one example, 
in fact, has as yet been reported in which all the data required for the 
drawing of a conclusion are available. Thus, each of the two isomeric 
ethers, XXI and XXII, gives the same product, XXIII.The rear- 


O—CH 2 —CH=CHC2H5 


C2H5 

1 

0—CH—CH=CH 2 


[COaCHa 


CH: 




V 


1CO3CH3 


XXI 


V 


XXII 


« W. M. Lauer and E. I. Kilburn, J. Am, Ckem. Soc, 59, 2586 (1937). 

^®E. Bergmann and II. Corte, J, Chem, Soc. 1935, 1303. 

Mumrn, H. Hornhardt, and J. Dioderichsen, Ber 72, 100 (1939); O. Miunm and 
J. Diederichseii, ibid, 72, 1623 (1939). 
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OH 

CHo^COoCHa 


CHa— CH=CHC2n6 

XXIII 


rangement of the compound XXT iliercfore proceeds without inversion, 
whereas that of the compound XXll proceeds with inversion. Although, 
of course, it is extremely unsafe to generalize on the basis of so little 
evidence, one is nevertheless tempted to state as a general rule that, in 
any para rearrangement, two isomeric ethers which are related as are 
the two with the structures XXIV and XXV will always give the same 


0—CH^-CI1=C1IR 

V 


XXIV 


O—CHR—CH=CH2 

x/'Sy 

v 

XXV 


product, XXA’I. Only further experiment can determine whether or 



CH2--CH=C11U 
XXVI 


not this rule is indeed valid. 

Although the rule just stated cannot at the present time be accepted 
in its entirety except with the greatest reserve, part of it is supported 
by a small amount of additional evidence. Several further ethers of the 
general form XXIV have been rearranged, and, in eac^h reaction, the 
product obtained has had structure XXVI. For example, the ether 
XXVII gives the product XXVIII,'® and the ether XXIX gives the 


O—CPI 2 —CH=CHCH3 

CHg^COaCHa 

u 

XXVII 


OH 

CHr-/^ 


1 CO 2 CH 3 


CH 2 —CH=CHCH 3 

XXVIII 


O, Mumm and F, Moller, Ber, 70, 2214 (1937). 
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0—CHa—CH=CHC6H5 
CHaf^COaCHa 


CHaf 


OH 


iCOaCHa 


XXIX 


ciia—cn=cnCoH5 

XXX 


product XXX.^* In none of these reactions has there been an inversion 
in the allyl group. The isomeric compounds of general form XXV, 
however, have not yet been investigated in any of these further instances; 
consequently, it is not known whether, as predicted, these compounds 
also lead with inversion to the same products, XXVIII and XXX, 
respectively, that their isomers do. 

A reasonabhi mechanism for tlie rearrangement of an allyl ether of an 
enol is shown in equation 13 • 0 for the simplest example of this type of 

CH—0 CII=0 

/ \ / 

Clio CIi2 cih CII 2 (13-6) 

/ \ / 

CH2=CH Clla—CH 

XXXI XXXII 


reaction. It may be assumed that the molecule of the original allyl 
vinyl ether, I, in the course of its thermal motions, achieves the geo¬ 
metrical conformation XXXI. The transition from structure XXXI to 
structure XXXII should then be fairly easy since it requires only a 
redistribution of the electrons, in addition to a comparatively small 
alteration in the relative positions of a few of the atomic nuclei. Simi¬ 
larly, the ortho rearrangement of an allyl aryl ether, XXXIII, can be 
imagined to proceed in the analogous manner represented in equation 
13‘7. The original product, XXXIV, which is analogous to the sub- 


0 




H 2 C 

xxxm 


0 



H 2 C 


XXXIV 


.^CH2—CH==CH2 


(13-7) 


XXXV 


stance XXXII in equation 13-6, is here the unstable ketonic form of 
o-allylphenol; it would doubtless rearrange spontaneously to the stable 
phenolic form, XXXV, as rapidly as it is formed (presumably by giving 
up a proton to some base that is present, and simultaneously accepting 
a different proton from some acid. See page 255 and also Section 14 • 4.) 



550 


Molecular Rearrangements: Further Types Sec* 13*3 

In the rearrangement of allyl vinyl ether, the details of the transition from struc¬ 
ture XXXI to stmclure XXXII can be seen most, clearly with the aid of a diagram 
like that of Figure 12 ♦ 1 on page 532. When x is equal to 0, the conformation of the 
molecule is that (Corresponding to stmcture XXXI; when x is equal to 1, the con¬ 
formation is tluit corresponding to structure XXXIT. As the reaction proceeds, 
the value of x increases from 0 to 1. The energy E of structure XXXI therefore rises 
(in consequence of the rcjsulting distortion) along th(^ (;urve APB of the above-¬ 
mentioned diagram, while that, of structure XXXII falls along the curve CPD, The 
energy of the molecule itself, how^ever, gm-s along the curve AQD^ which corresponds 
to the rt-sonance hybrid of structures XXXI and XXXII. The activaU-d complex 
(at the point Q) rect-ives at least approximately equal contributions from the two 
structures. Only those molecuk'S wluch possess an exc(*ss energy equal to or greater 
than the activation energy YQ are able to pass from A to D and thus to make- th(' 
transition betweem the stnudures. Clearly, in the rearrangement of all>'l phenyl 
ether also, the transition from structure XXXIII to structure XXXIV can be inter¬ 
preted in a completely analogous maimer. 

If the figure n^h-rred to in the preceding paragraph is considered in any specific 
rearrangement to provide an accurate repres(?ntation of the dependt-iuH* of the ener¬ 
gies of the respective st,ructures and of tlwar resonance hybrid upon the value of x, 
the driving force of the reaction (i.(-., the factor which mak(^s it proc(-ed in the observed 
direction rather than in the opposite one) is 8c±m to arise from the circumstance that 
the point D lies bidow Z, and hence is lower than A. In those rear range-men ts in 
which the original ether is derived from a simple enol, and not from a phenol, the 
figure in question do(*s indt-ed se<‘m to be correct in the respect mentioru-d, sinc-e, in 
any such reaction, the ketonic system, XXXVI, appears always to be more stable 

—c!/=c! 3 —c—c—0^=0 —^=-'C—c!/—o—(!/=(b— 

I i I 

XXXVI XXXVII 

than the isomeric ethylenic one, XXXVII. In those other rearrangements, however, 
in which the original ether is derived from a phenol, the situation is not so clear, 
since, for example, the assumed intermediate, XXXIV, has lost the stabilization 
resulting from the rc-sonance in the bi-iizcno ring. It is entirely jiossible, therefore, 
that the ketone XXXIV may actually be leas stable than the original ether, XXXIII. 
Under such circumstances, the reaction must be consid(-red to proceed to comple¬ 
tion onlj'' because the unstable intenm-diate, XXXIV, is transformed into the stabl(‘ 
phenol, XXXV, as fast as it is formed. (The foregoing discussion is, of ctmrst-, 
based on the simplifying assumption that the changes in entropy are of st-condary 
importance, and that the distinction lx-tw(-(-n internal energy and free energy can 
therefore be ignored. Inasmuch as the changes in internal energy which take place 
in these reactions seem to be large in magnitude, this assumi)tion is not unreason¬ 
able.) 

The belief that the rearrangement of an allyl vinyl ether or the ortho 
rearrangement of an allyl aryl ether may, and usually does, occur in the 
manner indicated in equations 13-6 and 13*7, respectively, is supported 
by various types of evidence. The reaction has been found to follow 
first-order kinetics (i.e., to proceed at a rate which is proportional to 
the concentration of the ether alone); the rate-determining step must 

J. F. Kincaid and D. S. TarbeU, J, Am, Chem, Soc» 61, 3085 (1939). 
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therefore involve only a single molecule of the ether. Any bimolecular 
mechanism, in which two molecules collide and interchange allyl groups, 
can accordingly be excluded. Moreover, of the possibilities which thus 
remain, the one that the ether dissociates unimolecularly into two frag¬ 
ments which then recombine in a diff(?rent way is rendered improbable 
by the fact that, when a mixture of two different ethers is rearranged, 
each substance behaves as if it were alone, and no cross products are 
formed. For example, a mixture of allyl /5-naphthyl ether, XXXVIII, 


/\^0—CHo—CH=C;i To 


()—CHa—CH==CH—CcHs 


XXXVIIl 


XXXIX 


and cinnamyl phenyl ether, XXXTX, gives only l-allyl-2-naphthol, XL, 


CH 2 —CH=CH2 

/V^OH 


OH 

/\-CH—CH=CH2 


VN/ 

XL 




CeHj 

XLI 


and o-(a-phenylallyl)-phenol, XLI, and no l-(a-phenylallyl)-2-naphthol, 
XLII, or o-allylphenol, IV.^® This noiioccurrence of cross products 


CHCCoHs)—CH=CH2 

\Ay 


XLII 


OH 

1 YCH 2 —CH=CH2 

v 

IV 


would be hard to reconcile also with the bimolecular mechanism men¬ 
tioned above. Further evidence opposed to the dissociation-and- 
recombination mechanism is contained in the fact that isomeric ethers 
like those with structures XIV and XV (page 546), for example, give 
isomeric products. If the 7 -ethylallyl radical ever broke away from the 
ether XIV, and if the a-ethylallyl radical ever broke away from the 
ether XV, the resulting aUylic fragments would necessarily be identical, 
whether they were ions or neutral radicals, since resonance would have 
to occur between the two structures XLIII and XLIV. (In these struc¬ 
tures, the asterisks designate carbon atoms which possess unshared pairs 

C*H 2 —CH=CH—C 2 H 5 CH 2 ====CH—C*II—C 2 H 5 

XLIII XLIV 

*®C. D. Hurd and L. Schmerling, J, Am, Chem, Soc, 59 , 107 (1937). 
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of electrons and negative formal charges if the fragment is an anion; 
or open sextets and positive formal charges if the fragment is a cation; 
or single impaired electrons and zero formal charges if the fragment is 
a neutral radical.) Consequently, since only a single fragment resonat¬ 
ing between structures XLIII and XLIV is possible, the two ethers XIV 
and XV would have to lead to the same final product, or to the same 
mixture of products, if any dissociation of this kind occurred. 

It appears necessary, therefore, to suppose that the rearrangement 
takes place intramolecularly, as is assumed in the mechanism outlined 
originally. (See equations 13-6 and 13*7.) The most striking success 
of this mechanism is that it accounts for the observed inversion in the 
allyl group. In fact, this one feature of the rearrangement would be 
sufficient alone (at any rate, in the ortho rearrangement of the allyl 
aryl ethers, in which the inversion seems always to occur) to exclude 
almost any other mechanism that might be proposed, since some sort of 
push-and-pull mechanism is clearly required. (Cf. page 539.) 

Still a further success of the intramolecular mechanism of the ortho 
rearrangement is that it leads to a simple explanation for the inability 
of the allyl group in an allyl /^-naphthyl ether to migrate to the adjacent 
beta position. For an alpha migration, which occurs with case, equation 
13*7 assumes the form 13-8, whereas for a beta migration, which does 



XLV 


not occur, it would have to assume the form 13* 9. In the assumed 



CHg 


XLVI 

intermediate XLV of equation 13*8, the resonance energy of one of the 
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two benzene rings is lost just as, in the assumed intermediate XXXIV 
of equation 13 • 7, that of the one benzene ring present is lost. The two 
reactions, therefore, appear completely analogous; hence, if one takes 
place, there is no obvious reason why the other should not do so too. 
ITowever, in the assumed intermediate XLVI of equation 13-9, the 
resonance energy of both benzene rings is necessarily lost. Consequently, 
this intermediate would have to be extremc^ly unstable, and so its 
formation might be expected to be extremely difficult. In terms of 
Figure 12*1 of page 532 the situation appears to be that the point D 
now lies far above Z (and not below it as shown in the figure); hence, the 
amount of the kctonic substance, XLVI, that can be present at any time 
must be very small. Furthermore, the activation energy YQ must be 
very large. 

The mechanism of the para rearrangement of an allyl aryl ether is 
rather uncertain. The mechanism that is favored for the ortho rearrange¬ 
ment is clearly inapplicable here, not only because it fails to account 
for the freciuent lack of inversion in the allyl group, but also because' 
it is made geometrically impossible by the relatively great distance be¬ 
tween the ether oxygen atom and the pa^'a caj’bon atom. A dissociation- 
and-recombination mechanism seems rather more satisfactory, since it 
neither requircis nor prohibits inversion, and since, in addition, it is in 
agreement with the observaiion that this reaction also follows first-order 
kinetics.'^ Indeed, if the above rule that two isomeric ethers of general 
structure XXIV and XXV always give the same rearranged product, 
XXVI, is found to be valid, a mechanism of this type would seem to be 
required. On the other hand, however, the fact that the thermal decom¬ 
position of the allyldimethylanilinium salt, XLVII, of 2,6-dimethyl- 



XLVII XLVIII 


phenol gives only dimethylaniline, XLVIII, and allyl 2,6-dimethylphenyl 
ether, VII, but no 4-allyl-2,0-dimethylphenol, VIII, has been advanced 


0 CH 2 —ch=ch2 oh 



CH 2 —CH=-CH 2 
vni 


VII 
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as evidence against this mechanism.-^ Clearly, the problem requires 
further investigation. In those rearrangements of the allyl ethers of 
enols in which inversions do not occur, the situation is of course similarly 
unsettled. 

Various analogs of the Claisen rearrangement have been reported. 
A few typical examples are given in the equations 13 • 10-13 -13. To the 


O—CH 2 —CH=CHCH 3 O CHCCHg)—CH=CIl 2 

Cells—C=N—C6H5 Cells—C—N—Cells 


S—CH 2 —CH=€Il 2 SH 

CH=CH2 


CH 3 




(13-10) 

(13-11) =2 


Clh 

CH2=(k 


CH 3 —CH=CH—CHa^ 


>C(C02C2ll5)2 


CII, 


0—CH 2 —CH=CH 3 


Clla—C=C.’(C02C2H5)2 (13 • 12) 

1 

CH 3 —CH—CII=CH 2 

CH 2 —CH=CH 2 


on 


CH3f^CH=CH—CPI3 CH3(^C11=0-CH3 


V/ 

CH 3 


(13-13) 


CH 3 


limited extent to which such reactions have been investigated, it appears 
that these further rearrangements proceed by first-order kinetics, are 
at least frequently accompanied by inversion, and do not lead to the pro¬ 
duction of cross products. An obvious suitable generalization of the 
• intramolecular mechanism outlined in equations 13-G and 13-7, there¬ 
fore, seems reasonable here (except, perhaps, for the reaction of equation 
13*13), although a dissociation into radicals or ions, followed by a re¬ 
combination, is not excluded in all instances. 

^ D. S. Tarbell and J. R. Vaughan, Jr., J, Am, Chem, Soc, 65, 231 (1943). 

^ C. D. Hurd and H. Greengard, J, Am, Chem, Soc, 62, 3356 (1930). 

A. a Cope. C. M. Hofmann, and E. M. Hardy. J, Am, Chem, Soc, 63. 1862 (1941) 
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A few examples of abnormal rearrangements of allyl aryl ethers are 
known. Thus, y-ethylallyl phenyl ether, XIV, gives o-(a:, 7 -dimcthyl- 


0 — CH2—CH==CHC2H5 

A 

OH 

V 

\/ 


-CH—CH=CPICH3 
CHa 


XIV 


XLIX 


allyl)-phenol, XLIX, as well as some of the expect ed product o-(a-ethyl- 
allyl)-phenol, Nothing is known about the mechanism of this 


OH 


CH—CH=Cn2 

I 

C2H5 

XV 


anomalous reaction. 

13*4 Rearrangements of Alkyl Aryl Ethers. When an alkyl aryl 
ether is treated with a strong acid (in the generalized sense of Lewis), 
it frequently undergoes a transformation into an alkylphenol, with 
migration of the alkyl group to the ortho or para position of the ring. 
For example, isopropyl phenyl ether, I, when refluxed in an acetic acid 
solution containing sulfuric acid, reaiTanges to o-isopropylphenol, II. 
In the presence of aluminum chloride instead of acetic and sulfuric acids, 
this same ether, I, gives a mixture of o-isopropylphenol, II, and p-iso- 


CH(CH3)2 

H 

1 

H 

1 

1 

0 


1 

0 

1 

0 

A 


/\CH(CH3)2 

A 

u 


A 

A 


I 

II 

CH(CH3)2 

in 


propylphenol, III, in which the latter predominates.^^ Other catalysts 
of similar type which have been employed include hydrogen chloride, 
zinc chloride (frequently in glacial acetic acid), and boron trifluoride. 

In general, the ease of the rearrangement increases with the complexity 
of the alkyl group. Thus, although anisole, IV, has apparently never 

2 * J. B. Niederl and S. Natelson, J. Am, Chem, Soc. 53, 1928 (1931). 

R. A. Smith. J, Am, Chem, Soc, 56. 717 (1934). 
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0—CH 3 O—C 2 H 5 

/\ /\ 




IV 


V 


0— C(CH3)3 



VI 


OH 


V 

C(CIl3)3 

VII 


been successfully transformed into either o- or p-cresol, a patent has 
been taken out for the production of ethylphenol (presumably either the 
ortho or the para isomer, or a mixture of the two) from phenetole, V, at 
a high temperature and pressure in the presence of silica gel or fuller^s 
earth.-® In most of the rearrangements of this class that have been 
studied, the migrating alkyl group is either secondary or tertiary, and 
the reactions oc^cur with greater ease than those in which the migrating 
groups are primary. With /cr^-butyl phenyl ether, YI, in fact, the rear¬ 
rangement (to give mostly p-icr/-butylphenol, VII) takes place without 
a catalyst at the boiling point of the compound; the ether, therefore, 
cannot be purified by distillation at atmospheric pressure.^^ 

The various mechanisms that have been proposed for the rearrange¬ 
ment of an alkyl ar}d ether may be divided into three main classes. ( 1 ) 
Some authors have suggested that the reaction is intramolecular, so that 
the migrating alkyl group never loses contact with the molecule to which 
it was originally joined, and so that it never becomes attached to a dif¬ 
ferent molecule. The manner in which such a migi'ation could occur is, 
however, not entirely clear, (Cf., however, pages 578 f.) Certainly, 
nothing very closely analogous to the “inverting^ ^ migration of an allyl 
group to the ortho position (see equation 13-7 on page 549) is possible 
here. ( 2 ) Other authors have considered that the reaction proceeds by 
a dissociation-and-recombination mechanism. If this suggestion is cor¬ 
rect, the alkyl group splits off as an olefin, as an alkyl halide, sulfate, or 
the like, or as an organic ion or free radical which then attacks the ortho 
or para position of the benzene ring. Only in rare instances, therefore, 
can the alkyl group be joined to the same ring in the product as in the 
original ether. (3) Still other authors have considered the possibility 
that one molecule of the ether acts as an alkylating agent toward a second 
molecule. If this suggestion is correct, the alkyl group is never joined 
to the same ring in the product as in the original ether. (However, see 
pages 559 f.) 

The evidence which is at present available is somewhat conflicting, 
but, on the whole, it favors the second of the above mechanisms. (How- 


“Schering-Kahlbaum A.-G., Brit. 294,238. See C.A. 23. 1908 (1929), 
^ R. A. Smith, J, Am, Chem, Soc, 55. 3718 (1933). 
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ever, see pages 559 ff.) In the first place, a breaking up of the ether 
into fragments is known to occur in at least some instances, since both 
the free phenol and the olefin that is derived from the migrating alkyl 
group are frequently found among the major products, along with the 
rearranged alkylphenol. For example, the action of acetic and sul¬ 
furic acids upon 6 ' 6 c-butyl phenyl ether, VIII, gives mostly phenol 

0—CHCCHa)—C 2 H 5 



VlII 

and butene (of unstated structure).-^ Jt is not definitely established 
whether in this reaction the olefin is an essential intermediate in the 
rearrangement or merely a by-product. In any event, how’^ever, the 
formation of an olefin is not a necessary condition for rearrangement, 
since benzyl phenyl ether, IX, which cannot give rise to an olefin, 
rearranges to o- and p-benzylphenol X and XI, respectively, in the 



CH2—Cells 

IX X XI 

presence of zinc chloride or hydrogen chloride (or of both).^® In this 
reaction, however, benzyl chloride Cells—CII 2 CI could serve as the 
active intermediate; indeed, there is evidence^® that this substance is 
actually produced. Although, in a formal sense, and frequently also 
with respect to chemical properties, the benzyl group is of the allyl 
type, the rearrangement of the ether IX is more closely related to the 
rearrangements of the alkyl aryl ethers than it is to those of the allyl 
aryl ethers discussed in the preceding section. In those reactions in 
which the existence of an olefin can be demonstrated, there is a possi¬ 
bility that this unsaturated compound is itself formed from an alkyl 
halide or the like, or possibly from an alkyl cation (or vice versa). The 
nature of the primary intermediate cannot be decided from the informa¬ 
tion that is now available. 

Further evidence favoring the second of the three mechanisms out¬ 
lined above is that the assumed recombination of the assumed fragments 
is a reaction of a type that can be expected to occur under the expeii- 

** M. M. Sprung and E. S. Wallis, J, Am, Chem, Soe, 56, 1715 (1934). 

W. F. Short and M. L. Stewart, J, Chem, Soc, 1929, 663. 
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mental conditions employed. In fact, the alkylation of an aromatic 
substance by an olefin, alkyl halide, or the like in the presence of a strong 
Lewis acid is merely an example of the familiar Friedel-Crafts reaction 
(or of a likewise familiar close analog of this reaction). Moreover, some 
sort of organic cation is commonly assumed as an intermediate both in 
the Friedel-Crafts reaction and in its analogs.^® The assumption of a 
dissociation and subseciuent recombination is therefore entirely rea¬ 
sonable, whether the alkyl group is considered to break away as an olefin, 
or as an alkyl halide or the like, or as an organic cation. Mention may 
be made also of the fact that the alkylphenols that result from the rear¬ 
rangements under discussion are usually oi)tainable more conveniently 
by the direct alkylation of the phenol by means of the olefin or alkyl 
halide. Thus, o-/er^-butylphenol, XII, and (principally) p-/crf-butyl- 


on 

0—CH; 


A 

V 

XII 

A 


XIII 


phenol, VII, can be prepared not only by the rearrangement of ierl- 
butyl phenyl ether, VI, but also by the action either of isobutylene and 
sulfuric acid or of ^cr^-butyl chloride and aluminum chloride upon 
phenol. Moreover, the rearrangement of isobutyl phenyl ether, XIII, 
like that of icr^-butyl phenyl ether, VI, gives mostly p-^er^-butylphenol, 
VII; this transformation of the isobutyl into a ^cr^-butyl group is what 
would have been expected if the isobutyl group splits off in the reaction, 
since isobutyl compounds in the Friedel-Crafts reaction usually lead to 
^r^-butyl products. (The rearrangement within the butyl group itself 
may, of course, be described as a 1,2-shift. See Chapter 12.) The final 
type of evidence to be advanced here in favor of the dissociation-and- 
recombination mechanism is that the rearrangement always, or nearly 
always, results in the formation of cross products of one kind or another. 
Thus, as an extreme example, the action of boron trifluoride upon iso¬ 
propyl phenyl ether, I, gives phenol, XIV, o-isopropylphenol, II, 2,4- 
diisopropylphenol, XV, 2,4,6-triisopropylphenol, XVI, and the respec¬ 
tive isopropyl ethers, XVII, XVIII, and XIX of the last three phenols, 

^ Cf., for example, D. V. Nightingale, Chem. Revs, 25, 329 (1939); C. C. Price, ibid, 29, 
37 (1941); Medtanisms of Reactions at Carbon-Carbon Double Bonds, Interscience Pub¬ 
lishers, New York, 1946, pages 41 IT.; W. F. Luder and S. ZulTanti, The Electronic Theory of 
Adds and Bases, John Wiley and Sons, New York, 1946, Chapter 10. 

S. Natelson, J, Am, Chem, Soc, 66 , 1583 (1934). 

® R. P. Perkins, A. J. Dietzler, and J. T. Lundquist, U. S. 1,972,699. See (7.A. 28, 6532 
(1934). 



Sec. 13*4 Rearrangements of Alkyl Aryl Ethers 559 


as is shown in equation 13-14“ Moreover, the action of aluminum 


0CH(CH3)2 



: 


on OH OH 

^ ^CH(CH3)2, (^CHfCHsh, 

U’ u y 

CH(CH 3)2 

XIV II XV 

OH 0CH(CH3)2 

(CH3)2CH0CH(CH3)«, 0CH(CH,)2, 

CH(CH3)2 

XVI XVII 

0CH(CH3)2 0CH{CH3)2 

^.CH(CH,)2, (CH3)2CH,/\CH(CH3)2 

y u 

CII(CH 3)2 CH(CH 3)2 

xvni XIX 


(13 14) 


chloride upon isopropyl phenyl other, 1, in the presence of phenyl ether, 
XX, gives o- and p-isopropylphenjd plumyl ether, XXI and XXII, 



XX 



(ch3)2ch<( y-o-y_)> 


XXII 


CH(CTl3)2 



XXIII 


respectively, in addition to o- and p-isopropylphenol, II and III, respec¬ 
tively; and in the presence of benzene, the corresponding reaction gives 
isopropylbenzene, XX111.In these reactions, the isopropyl groups 
have obviously been transferred from one molecule to another; hence, 
any kind of purely intramolecular migration is definitely excluded. 

Much of the above evidence is as consistent with the assumption 
that each ether molecule alkylates another molecule, as with the one 
that dissociation and recombination occur. Only the fact that the forma¬ 
tion of olefins, alkyl halides, and the like can sometimes be demonstrated 
favors the latter mechanism over the former. On the other hand, the 
further fact that aliphatic alcohols and ethers, such as ethyl alcohol 
and ethyl ether, can be used as alkylating agents in reactions of the 
Friedel-Crafts type suggests that dissociation of the original ether is 

•F. J. Sowa, S. D. Hinton, and J. A. Nieuwland. J. Am, Chem, Soc, 65, 3402 (1933), 
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at least not necessary. The distinction between the two mechanisms is, 
however, not a completely sharp one in the absence of detailed informa¬ 
tion regarding the mechanism of the Friedel-Crafts reac.tion; it is entirely 
possible, in fact, as was mentioned above, that the actual alkylating 
agent is always something like an organic cation, regardless of the nature 
of the original reagent added to the reaction mixture. For this reason, 
the second and third of the mechanisms described on page 55G are 
perhaps not essentially different. 

The most irnpoi-tant evidence opposed to the above interpretation of 
the rearrangement is derived from a study of certain optic^ally active 
ethers. Thus, when Sprung and Wallis treated (+)-.s‘cc-butyl p-tolyl 
ether, XXIV, with either sulfuric acid or zinc chloride in glacial acetic 


0 —CllCCHa )—€2115 

OH 

A 

Ac 


A 

CH 3 

CHs 


,CTI(CHa)-C2H5 


XXIV 


XXV 


acid, they obtained a product which was still dextrorotatory, and which 
they considered to be 2-6‘cc-butyl-4-methylphenol, XX'Fhe scc- 
butyl group thus appears able to migrate without complete racemization. 
The conclusion therefore follows that neither 1-butene nor 2-butene can 
be an intermediate since each of these olefins is optically inactive. 
Moreover, the further possibility that some such intermediate as sec- 
butyl chloride or the 5 cc-butyl cation, XXVI, is involved seems also 


CHa—cm—C 2 H 5 

XXVI 


O—CHCCHa)—C 2 H 5 

GIIar^CHa 


CHa 


XXVII 


OH 

/\ 


CHs 

XXVIII 


rather unlikely, since there is no reason to suppose that either of these 
intermediates could retain its optical activity under the experimental 
conditions. In fact, when a mixture of (+)- 5 ec-butyl mesityl ether, 
XXVII, and p-cresol, XXVIII, is treated with sulfuric acid in glacial 
acetic acid, the 2-6cc-butyl-4-methylphenol, XXV, which is formed has 
been found to be completely racemic.®^ Since this latter reaction, in 
which all the optical activity is lost, is necessarily intermolecular, a 
reasonable inference is that the preceding one, in which the activity is 

“ W. I. Gilbert and E. S. Wallis, /. Org. Chem, 5, 384 (1940). 
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partially retained, is probably intramolecular. Before such a conc^lusion 
could be considered definitely established, however, the problem would 
have to be subjected to a much more extensive study than has yet been 
given it. The isolation of cross products in numerous instances (see 
above) shows (‘.onclusively that the reaction is sometimes intermolecular, 
but not that it always is; possibly both the inter- and the intramolecular 
mechanisms are corre(;t, so that some reactions procc(id by the one 
route, others proceed by the other route, and still others proceed partly 
by both routes at the same time. 

13*5 The Hofmann Rearrangement of the Salts of Alkyl Aryl 
Amines. In this reaction, which must be carefully distinguished from 
the Hofmann rearrangement of an amide (see page 459), an alkyl 
group migrates from the amino nitrogen atom to the oriho or para 
position of the benzene ring. For example, when trimethylaniliniura 
iodide, I, is heated to 250°”280°C, it is transformed into a mixture of 


N+(CH3)3T“ 

N(CH3)2 

N(CHa'), 

NHCHa 



^Clla 

A 

CHatAcHa 



\/ 

\/ 

A 




CHa 



I 

11 

HI 

IV 


the hydroiodidos of N,N-dimelhyl-o-toluidino, II, N,N-dimcthyl-p- 
toluidine, III, and N-methyl-y?*c-m-xylidine, IV. At the still higher 
temperature of 300°-33()°C, the major product is the hydroiodide of 
mesidine, V, although smaller am<Kmts of hexamethylbenzene, VI, and 


NII 2 

CHaf^CHa 


CHa 

V 


CHa 

CHar^CHa 


CHv 


NH 2 

CHa^CHa 


JClIa 


CH; 


CHa 

VI 


3V^CIl3 

CHa 

VII 


the hydroiodide of 2,3,4,5,r)-pentamethylaniline, VII, are also obtained. 
Presumabl}^ the formation of the toluidines, the xylidine, and the 
mesidine results from the sequence of reactions 13*15. The formation 

C 0 H 5 —N+(CH 3 ) 3 l- CHa-CelH—N+H(CH 3 ) 2 l- 

(CH 3 ) 2 C 6 H 3 —N+H 2 CH 3 I- (CH 3 ) 3 C 6 H 2 -N+H 3 l- (13-15) 

of the two minor products, VI and VII, which contain respectively six 
and five methyl groups per molecule, and which must therefore be re- 
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garded as cross products, shows that the reaction is at least not entirely 
intramolecular. 

The rearrangement is not restricted to the quaternary salts like I 
since, as is suggested in the reaction scheme 13*15, the salts of secondary 
or tertiary amines behave similarly. Thus, the hydrochloride of N-ethyb 
aniline, VIIT, when heated to 300'^-330°C, gives the hydrochloride of 

NHCoH, NHs n-C4H9—N—Clla 

A 

\/ 

C2H5 

VIII IX X 

p-ethylaniline, TX; and the hydrochloride of N-methyl-N-n-butylaniline, 
X, gives the hydrochloride of p-methyl~N-7i-butylanilinc, XI, and possi- 

71-C4H9—NH TIN—CIT 3 



bly that of p-n-butyl-X-methylaniline, XII, as well as a mixture of the 
hydrochlorides of primary amines resulting from the migration of both 
alkyl groups.^^ Moreover, the substances which undergo the rearrange¬ 
ments do not have to be salts of acids like the hydrogen halides, since 
they can instead be addition compounds formed between the amines in 
question and certain acids in the generalized sense of Lewis. (Cf. Sec¬ 
tion 3*3.) For example, N-isobutylaniline, XITI, rearranges to p-iso- 


NH—CH 2 —CH(CH3)2 NH 2 



CH2~CH(Cn3)2 

XIII XIV 

butylaniline, XIV, when heated either with zinc bromide to 280®~310°C 
or with cobaltous chloride to 260°-270®C.^® Sometimes both a hydrogen 
halide and a metallic salt are used.*’® 

J. Reilly and W. J. Hickinbottom, J. (Jkem. Soc. 117, 103 (1920). 

W. J. Hickinbottom and G. H. Preston, J, Chem, Soc, 1930, 1566; W. J. Hickinbottom 
and A. C, Waine, ibid, 1930, 1558. 
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In view of the obvious close similarity of this type of rearrangement 
to the type discussed in the preceding section, no attempt need be made 
here to discuss the mechanism of the reaction in any great detail As 
before, three possibilities have b(^en suggested: ( 1 ) The reaction may be 
intramolecular (although, as was mentioned above, it cannot be exclu¬ 
sively intramol(^cular); ( 2 ) the amine salt may decompose into fragments 
which consist of an amine plus something like an olefin, or an alkyl 
halide, or an alkyl (nation, and which subsequently rec.ombine; or ( 3 ) 
one molecule may alkylate another. Also, as before, it is possible that 
two, or even all three, mechanisms may be correct, and that different 
reactions may follow different courses. 

Olefins and alkyl lialides have been found among the reaction products. 
For example, when the hydrobromide of N-isobutylaniline, XIII, is 
heated to 240°-270°C, it decomposes partially to isobutylene, XV, and 


NHs 



(CH3)2C=CIl2 (CH3)2CH—CH2Br ^(^ 3)3 

XV XVT XVII 

isobutyl bromide, XVI; and the residue is found to contain the hydro¬ 
bromide of p-^cr^-butylaniline, XVII.*^^ In view of the rearrangement of 
the isobutyl group to the /cr^butyl group in the process, the possibility 
that isobutylene, XV, is an intermediate is strongly suggested. The 
situation is completely analogous with N-isoamylanilinc, XVIII, which, 

(CH3)2C=CHCH3 

XIX 

( 0113 ) 2011 —CH 2 —CH 2 Br 

XX 

under the same conditions, gives trimethylethylene, XIX, isoamyl 
bromid(', XX, and /;-/cr/-arnylaniline, XXI.Again, the rearrangement 

NITo 


Nil—OHo—OH 2 —CH(CH3)2 



XVIII 


0(0H3)202H5 

XXI 


37 w. J. Hickinbottom and S. E. A. Ryder, J, Soc. 1931, 1281 
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within the alkyl group itself suggests that the olefin is an intermediate. 
That the reaction does not always proceed in this manner is shown, how¬ 
ever, by several of the reactions mentioned above. For example, the 
fact that N-isobutylaniline, XIII, when it is heated with either zinc 
bromide or cobaltous chloride, gives p-isobutylaniline, XIV, with no 
change in the isobutyl group, shows that isobutylene, XV, could not be 
an intermediate in this reaction. Moreover, the further fact that the 
hydrochloride of N-n-butylaniline, XXII, gives that of p-n-butylaniline, 


NH-r2..C4H9 NII 2 



n-C4H9 

XXII XXIII 


XXIII, rather than that of p-scc-butylaniline, XXIV, shows that neither 

NIT2 


cn(CH 3 )C 2 H 5 cn2=CH—C2II5 C1I3 —ch=cii—CH3 

XXIV XXV XXVI 

1-butene, XXV, nor 2-butene, XXVI, could be involved, since either 
of these olefins would lead to a scc-butylaniline.^® 

The foregoing discussion should be sufficient to show that the re¬ 
arrangement of the amine salts presents a very complex problem, about 
which much remains to be learned. 

13-6 The Fries Rearrangement.®® When phenyl acetate, I, is 

0 —CO—CH3 OH OH 



CO— CH3 

I II III 

treated with aluminum chloride, it is transformed into a mixture of 
o-hydroxyacetophenone, II, and 2 >-fiydroxyacetophenone, III. Most 

“For the examples of the Fries rearrangement discussed in tliis section, see K. W. 
Rosenmund and W. Schnurr, Ann. 460, 66 (1928); A. H. Blatt in R. Adams, Organic Re- 
actions, John Wiley and Sons, Inc., New York, Volume I, 1942, Chapter 11. 
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other phenolic esters of carboxylic acids behave similarly. The migration 
of the acyl group is always, as in the example just given, to the ortho 
or para position with respect to the hydroxyl group; it is never to the 
meta position. The relative amounts of the ortho and para products 
that are formed usually vary with the temperature of the reaction; in 
general, the proportion of the ortho hydroxy ketone that is obtained 
increases as the temperature is raised. An extreme example of this 
phenomenon is provided by the behavior of m-cresyl acetate, IV, which 


O—CO-CHa 

A 

AcH3 

IV 


on 

CO—CH 3 


CHa 


OH 

-COr^ 




ICH3 


VI 


gives only 2-methyl-l-hydroxyacetophenone, V, at 25°C, and only 
2-hydroxy-4-methyla(;ct()phenone, VI, at 105°C. Moreover, the former 
substance, V, which is obtained at the lower temperature, is transformed 
into the latter one, VI, when it is heated with aluminum chloride at 
170°C. A reasonable explanation of this behavior is that the rearrange¬ 
ment is reversibkj, and that, although the para (compound, V, is formed 
more rapidly than is its isomer, VI, the ortho compound, VI, is the more 
stable of the two. Consequently, at a low temperature, at which only 
the fastest one of the possible reactions occurs at an appreciable rate, 
the para compound, V, is formed exclusively; but at a higher tempera¬ 
ture, at which all the possible rea(^tions (both the forward and the reverse 
ones) take place more or less rapidly, the equilibrium mixture, which 
consists essentially of only the ortho compound, VI, is obtained instead. 
The observed greater stability of the ortho compound is possibly due 
to the presence in its molecule of an intramolecular hydrogen bond, the 
existence of which, as in structure VII, is shown independently by, for 


O—H —0 

11 

CII 3 —C- 


0+—Arcia—O 



11 

PH P 





A 

Clh 

A 


icri3 


VII 


VIII 


example, the fact that the ortho hydroxy compound, VI (or, rather, VII) 
is much more volatile than is its para isomer, V. (Cf. page 51.) This 
explanation, however, takes no account of the fact that, in the presence 
of the aluminum chloride, stmetures V and VII can hardly be adequate 
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representations of the respective substances. A more reasonable ex¬ 
planation is therefore that the ortho hydroxy ketone permits the forma¬ 
tion of some such aluminum chloride complex as VIII, whereas the para 
hydroxy ketone does not permit the fonnation of any very close analog 
of this substance. Since the union of the two oxygen atoms through the 
aluminum atom in structure VIIl is doubtless much stronger than is the 
hydrogen bond in structure VII, the c(iuilibrium may be much more 
favorable to the ortho compound in the presence of the aluminum chloride 
than in the absenc^e of this substance. 

Evidence confirming the assumed reversibility of the Fries rearrange¬ 
ment is provided by the fact that the reaction by whic^h a phenolic 
ester and a hydroxy ketone are interconvertcKl can sometimes be made to 
proceed in the reverse direction, so that the ester is ft)rmed from the 
ketone, instead of vice versa. For example, the action of a trace of 
camphor sulfonic acid, IX, at 150°C transforms 2-methyl-4-hydroxy- 


CII 2 —SOJI 



IX 


acetophenone, V, back into m-cresyl acetate, IV. Investigation of a 
considerable number of examples has led to the rule that this reverse 
Fries migration takes place generally if, and only if, the hydroxyl group 
is para to the acyl group, and if, and only if, some further substituent in 
the hydroxy ketone is ortho to the acyl group. The explanation of this 
rule is possibly that any ortho hydroxy ketone is always too stable to 
revert to the phenolic ester (presumably on account of the hydrogen 
bond, as in structure VII, since no aluminum chloride complex, as in 
structure VIII, is possible in the absence of aluminum chloride); whereas 
any p-hydroxy ketone is sufficiently unstable to react if a substituent 
ortho to the acyl group exerts a steric repulsion upon that group. This 
steric effect may not be due merely to a lack of space (cf. Section 9-G) 
for the acyl group and its ortho neighbor; it may be partially due also to 
a special kind of resonance effect. In any aromatic ketone, the conjuga¬ 
tion of the carbonyl group with the benzene ring may be expected to 
lead to an appreciable stabilization of the molecule as a result of the 
resonance between such structures as X and XI. (Cf. Sections 10 * 8 and 
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X XI 


10*10.) Now, if the pnjsence of an orlho substituent results in a rotation 
of the acyl group about the bond by which it is linked to the ring, so 
that the 11 —C O group does not lie in the plane of the ring, the quinoid 
structures like XI, in Avhich this bond is represented as a double bond, 
are made much less stable. Conseciucntly, the effectiveness of the reso¬ 
nance with these structures is reduced, and the stabilization resulting 
from the conjugation is largely lost. Although the effect of this sUsric 
inhihiiion of resonance is thus in the correct direction, there is, unfortu¬ 
nately, no reliable way of estimating whether it is of sufficient magnitude 
to account for the facts. 

The reaction by which ?n-cresyl acetate, IV, and 2-mcthyl-4-hydroxy- 
acetophenone, V, are interconverted can thus be made to go essentially 
to completion in either direction by suitable choice of the condensing 
agent (aluminum chloride or camphor sulfonic acid). This observation 
shows that at least one of these condensing agents is not simply a catalyst, 
since a cataI 3 ^st cannot affect the position of the equilibrium; one of these 
acids must instead, therefore, enter into the reaction in some more direct 
manner. Undoubtedly, as has already been assumed, the product of the 
reaction when an equivakmt quantity of aluminum chloride is used is 
not the ketone V that is finally isolated, but is instead an addition com¬ 
pound formed between this ketone and aluminum chloride. (Cf. struc¬ 
ture VIII, suggested above for the corresponding addition compound of 
the ortho isomer.) The tendency to form such an addition compound 
is presumably one of the factors driving the reaction to completion. 
(The further assumption must apparently be made that the addition 
compound formed from the ketone V is more stable than the one formed 
from the ester IV, although, of course, less stable than the compound 
VIII.) On the other hand, when onl}'’ a trace of camphor sulfonic acid 
is used, no such stable addition compound is possible; under these cir¬ 
cumstances, the equilibrium is evidently in favor of the ester. 

It is now generally agreed that the Fries rearrangement proceeds by 
a dissociation-and-recombination mechanism, as in equation 13*10. 

CellsO—CO— CII3 + AICI3 (^cIIsOAlCla + CII3— C^OCl 

CllaCO—C 6 H 4 OH • Aids (13*10) 

The evidence supporting this mechanism is that, when a mixture of 
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esters is rearranged, cross products are obtained. Thus, when a mixture 
of 2-chloro-4-methylphenyl acetate, XII, and p-tolyl benzoate, XIII, is 


0—CO—CH 3 


xn 



0—CO—Cells 

/\ 




CHs 


OH 

CH3—co/^ci 


CH 3 


XIII 


XIV 


treated with aluminum chloride at 150°C, the mixture of ketones pro¬ 
duced contains not only 2-hydroxy-3-chloro-5-methylacetophcnone, XIV, 
and 2-hydroxy-5-methylbenzophenone, XV, but also the two possible 
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XV 
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cross products, 2-hydroxy-5-methyl-acetophenono, XVT, and 2-hydroxy- 
3-chloro-5-methyIben zophenone, XV11. 

A reaction which appears to be an analog of the Fries rearrangement 
is provided by the transformation of N,N-diacetylaniline, XVIII, into 


N(CO—CH3)2 
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\/ 

XVIII 


NH—CO—CHs 

NH—CO—CH 3 

NH 
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CO—CII 3 

XIX 


XX 


CO—CH 3 

XXI 


p-acetylacetanilide, XIX, by the action of zinc chloride at 150®"-100°C. 
Acetanilide, XX, itself, however, does not rearrange similarly to p-amino 
acetophenone, XXI. 

13*7 The Rearrangements of N-Chloro- and N-Bromoani- 
lides and of Their Analogs. N-Chloroacetanilide, I, when treated 


Cl—N—CO-CH 3 
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H—N—CO—CH 3 

Api 

\/ 

II 


H—N—CO—CH 3 

/\ 



III 


with hydrogen chloride, is transformed into a mixture of o-chloro- 
acetanilide, II, and p-chloroacetanilide, III; the relative amounts of 
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the two isomeric products vary with the experimental conditions. 
Similarly, N-bromoacetanilide, IV, when treated with hydrogen bromide, 

Br—N-~~CO—CHa II— N— CO—CH 3 H— N— CO— CH 3 





\/ 

K/ 

\/ 

Br 

IV 

V 


is transformed into o-bromoacetanilide, V, and p-bromoacetanilide, VI. 
This type of reaction is a very general one, since most other anilides, in 
which a halogen atom is joined to the nitrogen atom, behave in analogous 
manners. 

When these rearrangements are carried out in aqueous solvents (often 
containing more or less acetic acid), only the hydrogen halides are found 
to act as catalysts.^^ Other acids, such as sulfuric or acetic acid, are 
without pronounced effect. Moreover, both the action of hydrogen 
chloride upon N-bromoacetanilide, IV, and that of hydrogen bromide 
upon N-chloroacctanilide, I, lead to the same brominated products, V 
and VI. These various facts suggest that, at least under the conditions 
stated, the reactions are not true intramolecular rearrangements but 
instead are reactions which proceed by dissociations and subsequent 
recombinations. For example, the production of o- and p-chloro- 
acetanilide from N-chloroacetanilide and hydrogen chloride can be 
imagined to involve the steps shown in equations 13*17 and 13*18. 

C^gHs—NCI—CO— CII3 + IICl ^ 

Cells—NH—CO—CH 3 + CI 2 (13 • 17) 

CeHe—Nil—CO—CHa + CI 2 

Cl— C6H4— Nil—CO— CH3 + HCl (13 • 18) 

Similarly, the prcMluction of o- and p-bromoacetanilide from N-bromo¬ 
acetanilide and hydrogen bromide can be imagined to involve the steps 
shown in equations 13 *19 and 13*20. In each instance, the presence 

1 :^ 0115 —NBr—CO—CHa + IIBr ^ 

CeHs—NH—CO—CH 3 + Brg (13 • 19) 

CeHfi—NH—CO— CII3 + Brg ^ 

Br—C 6 H 4 —NH—CO—CH 3 + HBr (13*20) 

For a general discussion of the rearrangement and of its mechanism, see K, J« P, 
Orton, F. G. Soper, and G. Williams, */, Chem, Soc, 1928 , 998. 
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of the halide ion that is derived from the hydrogen halide is obviously 
required. (For a discussion of the further reactions in which both 
chlorine and bromine are involved at the same time, see below.) More¬ 
over, the belief that this inteipretation of the reactions is correct has 
been supported also by extensive investigations of their kinetics. The 
most nearly conclusive evidence is doubtless that derived from a study 
of the reaction of N-chloroacetanilide in the presence of hydrogen chloride 
containing radioactive chlorine (designated in the following as Cl*). In 
this work, it was sho^vn that the exchange reaction 13*21 is slow, that 

CcHs—NCI—CO—CII 3 + HCl* ■<::± 

CoHr,—NCI*—CO—Clla + HCI (13*21) 

the further exchange reaction 13*22 is fast, and that the rate at which 

CI 2 + TTCl* Cl—Cl* + HCl (13*22) 

the radioactive 0 - and p-chloroacetanilides are produced is equal to that 
at which radioactive chloride ion disappears from the solution (provided 
that a suitable correction is made for the occurrence of side reactions). 
The only reasonable interpretation of these facts seems to be that the 
Ch and p-chloroacetanilides are formed by the chlorine that is in eciuilib- 
riiim at all times with this radioactive chloride ion, as in equation 13*22. 
If a purely intramolecular rearrangement had occurred, no appreciable 
amount of radioactive chloride ion could have been removed from the 
solution (except in the above-mentioned side reactions), since the ex¬ 
change reaction 13*21 is relatively slow. 

The formation of p-bromoacctanilide, VI, from N-chloroacetanilide, I, 
and hydrogen bromide is an inevitable corollary of the proposed mecha¬ 
nism, as is seen from the equations 13*23 and 13*24. Since chlorine is a 

CeHs—NCI—CO— CH3 + 2 HBr ^ 

CeHfi—Nil—CO—CTT 3 + Bra + HCl ri3*23) 

Cells—NIT—CO— CH3 + Bra 

Br—C 6 H 4 —Nil—CO—CH 3 + HBr (13*24) 

much stronger oxidizing agent than is bromine, there is no possibility 
that an appreciable amount of either elementary chlorine or bromine 
chloride, BrCl, (see below) could be produced; hence there is no possi¬ 
bility that more than a trace of p-chloroacetanilide could be formed. 

** A. R. Olson, C. W. Porter, F. A. Long, and R. S. Halford, J. Am. Chem. Soc, 68 , 2467 
(1936) ; A. R. Olson, R. S. HaUord, and J. C. Hornel, Und. 59 , 1613 (1937). 
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On the other hand, the formation of the same p-bromoacetanilide from 
N-bromoacetanilide and hydrogen chloride is not so obviously neces¬ 
sary. The equations 13-25 and 13*26 can, of course, be written, but 

Cells—NBr—CO—CH 3 + IICl 

CV>H 5 —Nil—CO—CH 3 + BrCl (13 • 25) 

Colls -NH—CO—CHa + BrCl 

]^r—CelU—NH—(;0—CH 3 + UCl (13-26) 

the situation is here complicated by the presence of the chloride ion, 
rather than of the bromide ion, in excess. Although the bromine chloride 
15rCl would be expected to act as a brominating agent (equation 13-26), 
and not as a chlorinating agent, there is no assurance that this substance 
is formed in sufficient amount to account for the observed course of the 
reaction. In the complicated ecpiilibrium that exists in the solution, 
chlorine, hypochlorous acid, bromine, and hypobromous acid may be 
present, as well as the bromine chloride and chloride ion. Unless more 
information were available regarding the relative amounts of these sub¬ 
stances, and regarding the relative rates of their reactions with acetani¬ 
lide, the identity of the product could not be predicted. In any event, 
however, the fact that this product is p-bromoacetanilide rather than 
p-chloroacetanilide is not at all unreasonable. 

Although the rearrangements of N-chloro- and N-bromoanilides in 
aqueous solvents containing hydrogen halides may be presiuned to occur 
by the above dissociation-and-rec‘ombination mechanism, the situations 
under other experimental conditions may be entirely different. For 
example, in a nonaqueous solvent like chlorobenzene, the reaction has 
been found to be catalyzed by all acids investigated, and not by only 
the hydrogen halides.^^ The effectiveness of an acid as a catalyst in¬ 
creases with its strength. Under these circumstances, the free halogen 
can hardly be an intermediate; in fact, evidence that no halogen is 
formed has been obtained. Moreover, the reaction can be brought 
about also, in the absencjc of a catalyst, by the action of ultraviolet light. 
It is possible, but by no means proved, that the absorption of the light 
leads here to the production of bromine atoms. In general, nothing 
very definite can be said at the present time regarding the mechanisms 
of these reactions that take place in the absence of hydrogen halides. 

Several further classes of reaction arc known in which a substituent 
migrates from a nitrogen atom attached to a benzene ring to the ortho 

« K. P. Bell, Proc, Roy, Soc, (London) AMS, 377 (1934); J. Chem. Soc, 1936, 1164; R, 
P. Bell and P. V. Danokwerts, ibid. 1939, 1774. 
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or para position. The Fischer-Hepp rearrangement of an aromatic 
nitrosoamine, for example, can be illustrated by the transformation of 
N-nitroso-N-methylaniline, VII, into p-nitroso-N-methylaniline, VIII. 


ON—N—CH 3 

A 

V 


H—N—Cllg 



VIII 


This reaction, which takes place in the presence of aqueous or alcohc^lic 
hydrochloric or hydrobromic acid, is considered t o proceed, in the manner 
shown in equations 13*27 and 13*28, by a dissociation into the free 

CeHs—N(NO)—CH 3 + HCl ^ Cells—NH—CII 3 + NOCl (13*27) 


CeHs—NH—CH 3 + NOCl 


p-ON—C 6 H 4 ~Nn—CH 3 + HCl (13 • 28) 


secondary amine and nitrosyl halide, which then recombine. That the 
rearrangement is, at an}^ rate, not exclusively intramolecular is shown 
by the occurrence of cross products when the reaction is carried out in 
the presence of easily nitrosated substances. For example, N-nitroso- 
N-methylaniline, VII, and N,N~dimethylaniline, IX, in ethyl alcohol 


N(CH3)2 N(CH3)2 NH—CH 3 

/\ /\ /\ 


IX 



XI 


containing hydrogen chloride give p-nitroso-N,N-dimethylaniline, X, 
and N-methylaniline, XI.^^ That a nitrosyl halide, rather than nitrous 
acid, is formed as an intermediate is suggested by the fact that the reac¬ 
tion occurs readily and with good yield in the presence of either hydro¬ 
chloric or hydrobromic acid, poorly and with low yield in the presence 
of sulfuric acid, and apparently not at all in the presence of nitric 
acid.**^ 

The rearrangement of a diazoamino compound into the corresponding 
aminoazo compound is also considered to proceed by a dissociation and 
recombination. The transformation of diazoaminobenzene, XII, for 

W. Neber and H. Kauscher^ Ann, 550, 182 (1042). 
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Cells—N=N—NH—C 6 H 5 CeHs—N=N—C6H4—NH2-P 

XII XIII 

example, into p-aminoazobenzene, XTII, takes place in the presence of 
excess aniline and a little aniline hydrochloride; this reaction can be 
represented as in equations 13-29 and 13-30. Evidence for this mecha- 

CeHs—N==N—NH—CeHs + CgHs—N+H3CI- 

CoHg—N2+CI- + 2C6H5—NH2 (13 • 29 ) 

C^cHs—N2+CI- + 2C6H5—NH2 

CeHs—N=N—C6H4—NH2-P + CeHs—N+H3CI- ( 13 - 30 ) 

nism is provided by the fact that, under suitable circumstances, cross 
products are formed. Thus, if dimethylaniline, IX, and its hydrochloride 
are substituted for aniline and its hydrochloride in the rearrangement, 
the major product obtained is p-dimethylaminoazobenzene, XI 

CeHs—N=N—C6H4—N(CH 3 ) 2 -P CoHs—OH 

XIV XV 

Similarly, when diazoaminobenzene, XII, is heated with phenol, XV, 
p-hydroxyazobenzene, XVI, is obtained. And finally, when diazoamino- 

CeHs—N=N—C6H4—OH-p 

XVI 

benzene, XII, is dissolved in either very dilute alcoholic hydrogen 
chloride or cold acetic acid, it is transformed into the more com¬ 
plex diazoamino compound, XVII; this substance presumably results 

CeHs—N=N—C6H4—NH—N=-N—CeHs 

XVII 

from the coupling of the diazonium salt with p-aminoazobenzene, XIII. 

Still other reactions of the same general type are known; in most 
instances, however, they have not been so extensively studied and are 
not so well understood. Some of the most important of these further 
rearrangements are illustrated in the reactions of equations 13-31-13-38. 

CeHs—NCI2 -> 2,4-Cl2C6H3—N+H3 Cl" ( 13 - 31 ) 

CeHfi— NH—NO 2 — — - > o-OaN— CeHi—N+H 3 HS 04 “ (13-32) 

180 °C 

CeHfi—NH-SOaNa-> p-NaOgS—C 6 H 4 —NHa (13-33) 

*E. Rosenhauer and H. ITnger, Ber. 61, 392 (1928). 

** J. C. Earl, Ber. 68, 1666 (1930). 
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CeHfi—NH—SO3K > 0-KO3S-C6H4—NH2 ( 13 - 34 ) 

at 0°C 

CbHs—NHOH —-> p-IIO- CVTT 4 —N+H 3 HSO 4 - (13-35) 

llCl 

CeHs—NHOH --> p-Cl—(’eH4-N+Il3 ('1“ (13-36) 

C6H5-N+=N—C 0 H 5 -> p-Ha-(^fiH4—N=N—CfiHs 

I 

0“ (13-37) 

CsHr—N+(CH3)2—0---> o-HO—CflH4-N(Cn3)2 (13-38) 

13-8 The Benzidine and Related Rearrangements. '*•'» In the 
presence of a strong acid like hydrochloric or sulfuric acid, hydrazo- 
benzene, I, rearranges to the p, 7 )'-diamine, benzidine, IT. At the same 

CeHs—NH-NH-Cells 

I II 

time, a small amount of the isomcn’ic o, 7 /-diamine, diphenyline, III, is 


“»’'<ZXZ> 

NH 2 

III 


also formed. In the naphthalene series, an o,o'-diamine may also be 
formed; 1,2-di-a-naphthylhydrazine, IV, for example, gives both the 



IV V 


p,p'-diamine, V, and the o,o'-diamine, VI (but, rather unexpectedly, 

NH 2 

H2N< 


H 2 N NPI 2 


VI 



VII 


none of the o,p'-product, VII). Migrations to meUi positions are never 
observed. 

" For general reviews of the benzidine rearrangement and its analogs, see P. Jacobson, 
Ann, 438, 76 (1922); R. Robinson, J, Chem, Soc, 1941, 220; E. D. Hughes and C. K. In¬ 
gold, ibid, 1941, 608. 
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from the corresponding hydrazobenzenes. Evidently, therefore, the 
benzidine and semidine rearrangements are two entirely independent, 
although sometimes simultaneous, reactions. 

If the benzidine rearrangement does not proceed by the two-step 
process of equation 13-39, a second reasonable interpretation of the 
reaction is then that it takes place by a dissociation into fragments which 
subsequently recombine. These fragments might be ions, radicals, or 
reactive neutral molecules. The available evidence at the present time, 
however, is opposed also to this further possibility. In Jacobson^s review 
of the field in 1922/^ this author listed 65 different reactions in which 
an unsymmetrical hydrazo compound Ar—NH—NH—Ar' is niarranged 
to a benzidine. In each instance, the product that is obtained has been 
found to contain both aromatic groupings Ar and Ar'; in no instance is a 
product containing two hke groupings isolated.For example, 2- 
methyl-hydrazobenzene, XIV, gives only 3-methylbenzidine, XV, and 

^NH -Nil—Cells 
CII3 

XIV 

neither unsubstituted benzidine, II, nor 3,3'-dimethylbenzidine, XVI. 
H2N<( )>NH2 H2N<^ 

cHT chT CIL3 

XV XVI 


If the original hydrazobenzene, XIV, had broken up into fragments 
during the reaction, the symmetrical products, II and XVI, might have 
been expected to accompany the unsymmetiical one, XV. The argument 
is, however, not entirely conclusive, as can be seen from the following con¬ 
siderations. If, for the sake of definiteness, the hydrazobenzene, XIV, 
is supposed to give rise exclusively to the cation XVII and the anion 


<i>« 


NH 


-\+ 


CHa 

XVII 


XVIII 


XVIII, then only the unsymmetrical benzidine, XV, which is actually 
observed, would be expected to result, since the formation of either of 
the symmetrical products, II and XVI, by union of ions with like charge 
is relatively improbable. 

^ See also Q* W. Wheland and J. R. Schwartz, J. Chem, Phya, 17, 426 (1949). 



577 


Sec. 13-8 The Benzidine and Related Rearrangements 


Since the benzidine rearrangement is acid catalyzed, the molecule which would 
have to be assumed to brtiak up into fragments is doubtless not an electrically neu¬ 
tral molecule of the hydrazo cornjxmnd, such as XIV, but is instead a cation, such 
as XIX, which is deriviid from the hydrazo molecule by the addition of a prot;On. 


^ NH—N+H2—CgHt 

XIX 


Cells—NH 2 
XX 


Consequently, the fragments thus produced would presumably consist, not of a 
cation like XVII and an anim like XVIIl, but of a cation like XVII and a neutral 
mohrule like XX. As is easily seen, how(^ver, these, (nnisiderations nec^d not affect 
the objection raised in the pn'cc^ding paragraph. In fact, the above argument 
remains valid unless either the original hydrazo compound is assumed to dissociate 
into two electrically neutral radicals, or else the two isomeric hydrazo cations, e.g., 
XIX and XXI, are assumed to be formed in comparable amounts. The first of 

<(^^~^N+H2-NH—C6H5 

CH 3 

XXI 


these assumptions, however, is unlikely since' it fails to account for the catalysis 
V)y hydrogen ion; the second c^an hardly Ix' generally true? since th(j relative basicities 
of the two nitrogem atoms in the hydrazo mole(jul(‘, must vary widely with the natures 
of the substituents in the two aromatic rings. 


In order to remove all possibility that the benzidine rearrangement 
may proceed by dissociation and recombination, Ingold and Kidd 
studied the rearrangement of a mixture of 2,2'-dimethoxyhydrazo- 
benzene, XXII, and 2,2'-dicthoxyhydrazobeiizcne, XXIII. If the 





<3 


0 CH 3 0 CH 3 


xxn 


^NH—NH<^ ^ 

OCaiJs 

XXIII 


hydrazo compounds break up into any sort of fragments, whether these 
be ions, radicals, or reactive molecules, the cross product 3-methoxy- 
3'-ethoxybenzidine, XXIV, should be formed as well as 3,3'-dimethoxy- 

H2N<( ^NH2 H2N<^ ^>-<^ ^NH2 

OCIlf C)C2H5 OCH3 OCH3 

XXIV XXV 

benzidine, XXV, and 3,3'“diethoxybenzidine, XXVI. The authors were 

h2n<( ^nh2 

0C315 0C2H6 

XXVI 

unable, however, to find any evidence of this cross product. 


C. K, Ingold and H. V. Kidd, J, Cheni. Soc. 1933, 984. 
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The rearrangements of hydrazobenzenes to e,p'- and o,o'-benzidines 
or to 0 “ or p-semidin(\s have not been so extensively studied as have the 
rearrangements to p,//-benzidines. The view is generally held, however, 
that these further rearrangements also do not go by dissociation and 
recombination, since cross products and the like have not been observed. 

If, on the basis of the above evidence, the rearrangement of hydrazo- 
benzenc, I, to benzidine, IT, is considered to be a true intramol(Kailar 
rearrangement, the serious problem of explaining how the two para 
carbon atoms of the oiiginal hydrazo compound find each other at so 
great a distance still remains to be examined. One suggestion that has 
been made is that, in the course of its thermal motions, the hydrazo 
molecule becomes distorted so that the two benzene rings come to lie 
more or less flat against eac^h other in approximately parallel planes. 
In this way, the two para positions can be brought fairly close together 
in space. Against this explanation, however, can be raised the objec¬ 
tion that benzeuKi rings set'm to be surprisingly thick. From information 
regarding the ways in which the molecul(;s of aromatic hydrocarbons 
are packed in crystals, it may in fact be judged that an aromatic ring 
has a thi(;kness of about 3.5 A, as compared with a distance of only about 
2.8 A between two carbon at-oms that are para to one another in the 
same ring.^^ C-onseiiuently, it may be doubted whether the carbon 
atoms at the ends of the molecule of hydrazobenzene can come close 
enough to one another to interact strongly until after the central nitrogen- 
nitrogen bond has first been broken, ^Moreover, although such an ex¬ 
planation could be extended to the reactions in which o,o'-benzidines 
are formed, it seems to be inadequate to account for those other reactions 
in which either o,/)'-benzidines or scimidines are formed instead. 

A different suggestion regarding the mechanism of the benzidine and 
related rearrangements has been made by Dewar.^® According to this 
scheme, the migration takes place in such a way that at all times the 
migrating group is held in some manner by the electrons of the benzene 
ring. Since the original molecule, therefore, never breaks up into frag¬ 
ments of any kind, the rearrangement is intramolecular. The signifi¬ 
cance of this mechanism is, however, not entirely clear, since the forces 
by which the migrating group is considered to be bonded to the ring 
during the migration are not precisely defined.^® Presumably, the mecha¬ 
nism implies that, during the rearrangement, the molecule is a resonance 
hybrid receiving contributions from many different structures, in each 

J, M. Robertson, Chem, Revs, 16, 417 (1935), 

^ M. J. S. Dewar, Nature 156, 784 (1945) J. Chem, Soc, 1946, 406. 

^ Cf., however, M. J. S. Dewar, Discussions of the Faraday Society, No. 2, The Labile 
Molecule, 1947, pages 50 If; C. A. Coulson and M, J. S. Dewar, ibid., pages 54 ff. 
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of which the migrating group is covalently bonded to one of the atoms 
of the ring; and that, as the migration takes place, there is a (iorrespond- 
ing continuous variation in the relative contributions of the several 
resonating structures. The process which is thus envisaged may there¬ 
fore be described as a seciuence of partially overlapping 1,2-shifts, pro¬ 
ceeding in a manner which is essentially the same as the one', that was 
outlined in Section 12*10 for a simpler type of transformation. 

It is evident that, up to the presc'nt time, the mechanisms of th(', 
benzidine rearrangement and of its analogs have not becai definitely 
established. Even the exac^t way in which the acid (jatalyst participates 
in the reaction is disputed by Robinson and by Hugheys and Tngold.^^ 
No attempt, therefore, will be made hei'e to pursue the x>roblem any 
further. 
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14*1 The Nature uf Taulornerism. Not infrequently, a material 


which seems to consist of a single pure substance cannot be adequately 

described by means 

of any individual 

structure. 

(Cf. Section 4*2.) 

For example, the action of nitrous acid upon phenol, 

1 , gives a product 



0 

0 

OH 

OH 

II 

1 ; 

II 

A 

A 

A 

1 1 

/\ 

1 1 


\/ 

1 1 

V 

1 1 

V 


NO 

!! 

11 

0 

!l 

NOH 

1 

II 

III 

IV 


which might be assumed to ])e p-nitrosophenol, TT; and the action of 
hydroxylamine upon p-benzocpiinone, TIT, gives a product whicdi might 
be assumed to be the monoxirae, IV. The two products are found, 
however, to be not isomeric but identical. On the basis of its methods 
of preparation, therefore, the i)roduct which is formed in either of these 
reactions appears to have both of the structures TI and TV. Moreover, 
the action of sodium hydroxide and methyl sulfate upon benzophenone 
oxime leads to a mixture of the 0 -methyl derivative, V, and the N-methyl 


CeTTs—C—CeJIs 


C6H5—C-CoHs 

I' 


N—O— CH 3 

V 


CII 3 —N+—0~ 
VI 


derivative, VT. (Cf. page 336.) On the basis of its reactions, therefore, 
the original oxime appears to have both of the structures VII and VIII. 


CeHs—C—CeHs 


N—O—H 

VII 


CrHs 


H—N+—0~ 

VIII 


Numerous further illustrations of these types of anomalous behavior 
will be given below. 
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Whenever the methods of preparation or the reactions (or both) of 
an apparently pure substance require the assignment of two or more 
distinct structures which differ markedly in the relative positions of at 
least one atomic nucleus, tautomerism (from the Greek ravroj the same, 
+fA€p<ys, part) is said to occur. The reactions cited in the preceding 
paragraph, therefore, show that p-nitrosophenol (or p-benzoquinone 
monoxime) and benzophenone oxime are tautomeric compounds. On 
the other hand, whenever a substance must be described by two or more 
stnictures that correspond to practically the same positions of all the 
atomic nuclei, and that differ only in the average distributions of the 
electrons, resmiance rather than tautomerism can ordinarily be considered 
to occur. (See Chapter 10.) 

The word tautomerism’’ is occasionally replaced by some different 
expression, such as “desmotropism,” ^‘pscudomerism,” ^^metamerism,” 
‘'kryptomerism,” “allclotropism,” “merotropy,” or “dynamic isomer¬ 
ism.” The slightly different shades of meaning often associated with 
these various terms are usually ignored by most chemists, however, 
and so they need not be discussed here. In this book, only the word 
“tautomerism” will be employed; it may be considered equivalent to 
any one, or to all, of the expressions listed. Wlicn two or more tautomeric 
structures differ in the position of a hydrogen atom, as well as in the dis¬ 
tribution of the valence bonds, the tautomerism is frequently described 
as protolropy (from “proton” + the Greek rpmivj to turn). All the 
above types of tautomerism, and most of the further ones mentioned in 
this chapter, are examples of prototropy. (See, however, Sections 14*12 
and 14*13.) 

In at least most instances in which the material of interest is in a 
fluid state (i.e., when it is hquid or gaseous, or in solution in a liquid 
solvent), a tautomeric compoimd is now generally considered not to 
be a single pure substance, as it appears to be, but instead to be a mix¬ 
ture of two or more different substances, which have the structures indi¬ 
cated by the methods of preparation or by the reactions. (With respect 
to this use of the expression “tautomeric compound,” see the paragraph 
in fine print below.) Thus, in a melted or dissolved sample of the 
product formed by the action either of nitrous acid on phenol or of 
hydroxylamine on p-benzoquinone, some of the molecules presumably 
have structure II, whereas the others have the isomeric structure IV; 
similarly, in a melted or dissolved sample of benzophenone oxime, some 
of the molecules may have structure VII, whereas the others have the 
isomeric structure VIII, The situation visualized here is therefore funda¬ 
mentally different from the one which is considered to obtain wirii_a 
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resonating substance, all molecules of which are thought to have the 
same intermediate structure. 

Although a tautomeric compound in the solid state may be a pure 
substan('.c with a single definite structure, ihis possibility is here of little 
practic.al importance. The chemical reactions by which structures are 
determined are almost invariably carric'd out in the liquid or gaseous 
state or in solution, and so only the natures of the reagents and products 
under such conditions arc relevant to the discussion of tautomerism. 
Consequently, except when explicit statements to the contrary are made, 
all further remarks in this chapter regarding the natures of tautomeric 
compounds may be considered to apply only when these compounds are 
in a fluid state. 

A material exhibiting tautomerism, since it is r(‘gardcd as a mixture, is in a strict 
sense neither a substanc^e nor a ccmipound. N(^v(*r(heless, in order that common 
usage may be retained to as great an extent as possible', and in order also that awk¬ 
ward circumlocutions may b(' avoided, such materials will be referred to throughout 
this chapter as compounds. In doubtless the great majority of instances, a tauto 
meric compound (in this semse) consists almost exclusivt.'ly of a singk; substance 
(or tautomer or tautomeride), and it (contains at most only traces of otluu* substances 
(or tautomers or tautomerides). In such an (‘V(;nt, it seems permissible to descTibt; 
the material not only as a compound but also as a substance, and to say that it 
possesses the oruj most important stmeture. Thus, acetoacetic ester, which has 
been found to consist of appreciable amounts of two tautomers (see they following 
section), will be referred to as a cxjmpound, but not as a substance; whereas benzo- 
phenone oxim(?, which presumably consists almost entirely of a single tautomer with 
structunj VII, will be referred to both as a (compound and as a substance, and it will 
be described by structure VII. This system of terminology, although not entirely 
correct, is a convenient one which in practice is found to lead to no confusion. 

The reason why a tautomeric compound appears to be a single pure 
substance is, in general, two-fold. In the first place, as was mentioned 
above, such a compound usually is very nearly a single pure substance, 
since ordinarily only one of the tautomers exists to an appreciable extent 
in the equilibrium mixture. In the second place, even when two or 
more tautomers are present in significant amounts, their interconversion 
is relatively rapid. Consequently, a separation of the mixture into its 
components is difficult; moreover, each component of the mixture can 
undergo the reactions characteristic of any of its tautomers, since it can 
readily be transformed into that tautomer. 

The transition of any given substance into a tautomer of it may be 
thought of as a special type of molecular rearrangement, since it involves 
merely the transformation of the substance in question into an isomeric 
substance. The characteristic which distinguishes tautomeric changes 
from the remaining types of rearrangement is that the tautomeric 
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changes are always both reversible and rapid under the usual experi¬ 
mental conditions, whereas ordinary rearrangements need be neither 
reversible nor rapid. Obviously, such a distinction is not a very sharp 
one; tliere is, in fact, no definite dividing line between those isomers 
which are tautomers of one another and those which are not. Since, 
however, most examples arc found to fall naturally into one (category 
or the other, no prac'tical difficulty is caused by this slight indefiniteness 
in the terminology. (However, see Section 14*12.) 

The foregoing rather general discussion of tautomerism will in the 
following sections be amplified and made more concrete by the considera¬ 
tion of a mimtxa* of specific examples. 

14*2 Aeetoaec^lie Estc;r. One of the first examph^s of a tautomeric 
compound to rcrcivo (umdul and detailed study was acetoacetic ester 
(ethyl acet()a(;(4ate). On the one liand, this compound seems to be a 
saturated keto ester with structure 1, since it forms the cyanohydrin, 11, 

OH 

I 

O CHg—Ci—CIT 2 —CO 2 —CaHs " 

il I 

CHa—C—CII2—CO2C2H5 ON 

I 11 

with hydrogen cyanide, the oxime, III, w'ith hydroxylamine, the phenyl- 
N—on N-NH—Cells 

CH3—(>-CH2—CO2—C2H5 CHs—6-CH2—CO2—C2H5 

III rv 

hydrazone, IV, with phenyl hydrazine, and so on. The fact that the 
oxime. III, and the phenylhydrazone, IV, are readily transformed by 
the loss of ethyl alcohol into the respective heterocyclic products, V 

N-0 N-N—Colls 

II I II I 

CH3—C—CH2—C ==0 CH3—C—CH2— 0=0 

V VI 

and VI, does not in any way affect the discussion. Moreover, when 
treated with an excess of both sodium ethoxide and methyl iodide, 
acetoacetic ester is transformed into a product to which the ketonic 
structure, VII, can be definitely assigned. On the other hand, the 

0 CH3 

CH3—C—C—CO2—C2H6 

ifia 

VII 
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compound seems also to be an unsaturated hydroxy ester with stnicture 
VIII, since it absorbs bromine very rapidly, gives an intense red color 

O-CITa 

CH 3 —C=-CH—CO 2 —C 2 H 5 

X 

with ferric chloride, and is an acid with an ionization constant of about 
3 X 10in aqueous solution.^ In all three of these latter respects, 
acetoacetic ester resembles phenol, TX, which contains a hydroxyl group 
joined to an unsaturated carbon atom. JMoreover, the action of diazo¬ 
methane CII 2 N 2 upon acetoac.etic ester gives a product to which struc¬ 
ture X can be definitely assigned. 

In the reactions cited (and also in a number of other reactions which 
might have been mentioned), acetoacetic ester appears to have both 
of the structures I and VI11. Since tluise two struettures differ in the 
position of a hydrogen atom, which for convenience in future reference 
may be called the enoUc or the tautomeric hydrogen atom, the compound 
is seen to exhibit tautomerism (prototropy) rather than resonance. For 
a number of years, organic chemists tried more or less unsuccessfully t-o 
explain this anomalous behavior. One attempted explanation, which is 
now of only historical interest, was given in 1885 by Laar,*-^ who proposed 
that the enolic hydrogen atom, which is joined to a carbon atom in 
structure I but to an oxygen atom in stnicture VIII, is not joined per¬ 
manently to either atom in the actual molecule, but is instead constantly 
undergoing oscillations about an intermediate position. For the descrip¬ 
tion of this imagined situation, Laar coined the word '^tautomerism.^' 
Although this explanation was never generally adopted and was soon 
shown conclusively to be incorrect, the word "tautomerism" has never¬ 
theless been retained. 

By the end of the nineteenth century, most chemists had accepted the 
view that acetoacetic ester is an equilibrium mixture of two distinct 
substances, the so-called keto foina with structure I and the so-called 
mol form with structure VIII. The evidence supporting this view was 
largely that a number of other compounds with properties similar to 
those of acetoacetic ester had been separated into components to which 
structures analogous to I and VIII could be assigned. As one example 
among several, tribenzoylmethane was isolated in two isomeric forms; 
one form gives no immediate color with ferric chloride and, when treated 

* G. Sohwarzenbach and E. Felder, Hdv. Chim. Acta 27, 1701 (1944). 

»C. Laar, Ber. 18, 648 (1886). 


OH 

CHs—C=CII— CO2C2II5 

VIII 


OH 

/\ 


\/ 

IX 
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with a base, is transformed only slowly into a salt; whereas the other 
form gives an immediate red color with ferric chloride and is trans¬ 
formed rapidly into a salt. The first of these substances, which is ob¬ 
tained by the action of sodium cthoxide and benzoyl chloride upon 
dibenzoylmethane in alcoholic solution, doubtless has the keto structure, 
XI; the second, which is obtained from the first by careful neutralization 

O CO—C0H5 Oil C(>—C0H5 

II I I i 

C0H5—C~C1I—CO—CeHs CoH5—C==C—Ct>—Colls 

XI XII 

of the sodium salt, doubtless has the enoli(? structure, XTT. The solid 
enol form reverts in a few days to the solid keto form at room tempera¬ 
ture, and more rapidly at higher temperatures. 

Acetoacetic estin* itself was not separated into its components until 
considerably later. The first practical method to b(^ devised was that 
of Knorr, who found that the pure keto form, which melts at "~39°C, 
can be crystallized at — 78°C from any one of several organic solvents, 
such as ether or a mixture of other and alcohol; and that a fairly pure 
licpiid enol form can be obtained by the careful addition of slightly less 
than the calcailated quantity of hydrogen chloride to a suspension of the 
scDdium salt of acetoacetic; ester in ether or petroleum ether at -~78°C. 
Either form can be kept without cdiungc; more or less indefinitely at the 
low temperature at which it is obtained, or for days or even weeks at 
room temperature if catalysts are excluded with sufficient care; return 
to the equilibrium mixture is, however, rapid at room temperature in 
the presence of acads, bases, tobace.o smoke, etc. 

A more recent, and simpler, method of separation, devised by K. H. 
Meyer, is based upon the two facts: first, that quartz has a less pro¬ 
nounced catalytic effect than does glass, which is somewhat basic, upon 
the interconversion; and, second, that the enol form is appreciably more 
volatile than the keto form. Accordingly, the pure keto form can be 
obtained by placing the equilibrium mixture in a quartz dtetilling flask 
and boiling out the small amount (sec below) of enol form that is present. 
Fairly pure enol can be obtained from the equilibrium mixture by a 
careful distillation from a (catalytic) glass flask into a (noncatalytic) 
quartz receiver; although the equilibrium mixture contains relatively 
little enol form, the entire material is ultimately obtained as the enol, 
since the equilibrium is constantly re-established in the distilling flask 
as the enol is distilled out. 

The fact that the enol form, VIIT, of acetoacetic ester is more volatile 
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than the koto form, T, is rather unexpeeted, since substances with 
hydroxyl groups in their molecules ordinarily have higher boiling points 
than do analogous substances with carbonyl groups. For example, 
allyl alcohol, XllI, boils at 97°C, whereas the isomeric acetone, XIV, 

CH 2 =CII—CII 2 —OH CH 3 —CX)—ClI, 

XIII XIV 

boils at the considerably lower temperature of 57°C. The explanation of 
this anomaly is apparently that the enol form does not have exactly 
structure VIII with a free hydroxyl group, but has instead structure XV 

O—H O—11.O 

I I i! 

CH3— C==CII—COaC^sIls CH3— C=CH—G—OCalls 

VIII XV 

with an intramolecular hydrogen bond. (Cf. pages 51 ff.) Since, there¬ 
fore, no hydroxyl group is available for the formation of an inter- 
molecular hydrogen bond, association does not occur (or at any rate is 
greatly reduced), and the substance boils at a lower temperature than 
does the presumably more polar keto form, I. 

0 

II 

CHa—C—CII 2 —CO 2 C 2 H 5 

I 

As with tribenzoylmethane (see above), the enol form of acetoacetic 
ester immediately exhibits only the properties of an unsaturated alcohol 
with structure VIII (or XV), whereas the keto form immediately exhibits 
only those of a saturated ketone with structure I. Either form can, 
however, undergo also the reactions characteristic of the other, if suffi¬ 
cient time is allowed for the tautomeric change to occur. For example, 
although the enol form gives an intense red color at once when treated 
with ferric chloride, the keto form gives a color only slowly. 

Several methods have been used for the determination of the position 
of the keto-enol equilibrium in a sample of acetoacetic ester. Some of 
these methods are based upon an examination of a physical property, 
such as the density, refractive index, or absorption spectrum. Any method 
of this type can be used, of course, only if the quantitative relationship 
between the value of the measured property and the composition of the 
mixture has previously been determined in some independent manner. 
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If the pure kcto and enol forms arc available, artificial mixtures with 
any desired compositions can be prepared and examined; in this way, 
the required relationship can be derived. This procedure is not com¬ 
pletely satisfactory, however, because considerable difficulty is en¬ 
countered not only in obtaining and keeping the pure keto and enol 
forms, but also in demonstrating, in the absence of any indepcindent 
tests, that the materials obtained are actually the pure tautomers. 

A different method of analysis, which does not require the isolation 
of the keto and enol forms, is therefore desirable. The most common 
such method is based upon the fact that the enol form absorbs bromine 
rapidly, wheaeas the keto form does not (except in so far as it may bo 
transformed into the enol form). This so-called 'Tvurt Meyer method, 
in its simplest form, consists merely in the titration of the ester, or of a 
solution of it in any desired solvent, with a standard solution of bromine. 
The end-point is reached when the color of the bromine is no longer 
discharged rapidly. However, the hydrogen bromide, which is formed 
as one of the products of the reac^tion (cf. equation I I • 1 below), catalyzes 
the (xmversion of the keto to the enol form (cf. eciuation 7* 1 on page 255). 
(kmsecpiently, siiK^e fresh enol is constantly being produced from the 
keto form, the titration must be carried out very rapidly, and the correct 
end-point (which is, at best, not a very sharp one) can easily be passed. 
For this reason, the procedure is frequently modified in the following 
way. An amount of bromine which is known to be more than enough to re¬ 
act with all the enol form present, but which need not be precisely meas¬ 
ured, is added rapidly to the ester or to its solution. The excess bromine is 
then destroyed immediately by the addition of more than the necessary 
quantity of /3-naphthol (or of some other substance which reacts very 
fast with bromine). The reactions which have occurred up to this 
point are the ones shown in equations 14*1 and 14*2. From each 

CTT 3 —C(OH)=CH—CO 2 C 2 H 5 + Br 2 


CH 3 —CO—CHBr—CO 2 C 2 H 5 + HBr (14-1) 

XVI 




Br 

/V^OTI 


+ Br2 




+ HBr 


(14-2) 




molecule of the enol form that is present in the original sample, exactly 
one molecule of the bromoester, XVI, has been produced. The analysis 
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of the mixture for this bromoester is carried out by the addition of excess 
potassium iodide and by subsecpient titration of the iodine that is liber¬ 
ated in accordance with equation 14*3. Each molecule of iodine I 2 that 

CH3 “CO—Clllh—+ 11+ + 21“ 

CH 3 —CX)- CH.—( X\C 2 lh + Br~ + I 2 (14-3) 

is produced corresponds to one molecule of enol form in the original 
sample. A serious disadvantage of this more elaborate procedure is 
that the final reduction (equation 14*3) is often awkwardly slow. (For 
still another modification of the Kurt Meyer method, see page 592.) 

The positions of the ccpiilibria in ac.etoacetic ester under a variety of 
conditions are show-n in Table 14*1. The percentage of enol present is 

TABLE 14.1 


Positions of the I^qiiiubria in SoLirnoNs of Acktoacetic Esteh" 


Solvent 

% Knot 

Solvent 

% Enol 

Water 

0.4 

50% Ethyl alcohol 

2.18 

Acetic acid 

5,74 

Propyl alcohol (0°(^) 

12.45 

Methyl alcohol (0®C) 

6.87 

Ethyl acetate 

12.9 

50% IVIethyl ah'ohol 

1.52 

Amyl ahjohol 

15.33 

25% Methyl alcohol 

0.83 

Benz(m(‘ 

16.2 

A(;et()n(? 

7.30 

Toluene 

10.8 

Pure osUt 

7.71 

XyleiK^ 

23.4 

Chloroform 

8.19 

Ethyl ether 

27.1 

Nitrobenzene 

10.1 

Carbon disulfide 

32.4 

Ethyl alcohol (0°C) 

12.00 

Hexane 

46.4 

I^lthyl alcohol 

10.52 

Vapor phase ^ 

45.3-51.6 

90% Ethyl alcohol 

8.7 




® Except as noted, the values given refer to 18°C and are taken from K. TI. Meyer, Ann, 
380 , 212 (1911). The eon cent rations of the solutions investigated are not stated, but are 
apparently rather low. 

^J. B. (Vmant and A. F. Thompson, Jr., J. Am, Chem. Soc, 54 , 4039 (1932); R. 
Schreck, ibid, 71 , 1881 (1949), 


seen to vary markedly with the nature of the solvent and, in general, to 
increase as the polarity of the solvent decreases. The significance of this 
fact will be discussed more fully in Section 14-6. 

Inasmuch as the percentage of enol at equilibrium is different in the 
pure ester and in a dilute solution in any one of the solvents listed in 
Table 14*1, the position of the keto-enol equilibrium must vary with 
concentration; for, as the solution becomes more concentrated, the 
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equilibrium must approach the position characteristic of the pure ester. 
Some data bearing upon this point are presented in Table 14*2. Evi- 

TABLE 14.2 

Variations in the Positions of the Keto-Enol Equilibrium in Acetoacetic 
Ester with Changes in Concjentration ** 



Wt. ester 

Wt. solvent 


Solvent 

in grams 

in grams 

% Enol 

Ethyl al(;f)liol 

1.773 

0.9340 

7.8 


0.4808 

48 

13.2 

Benzene 

1.952 

0.480 

8.3 


0.284 

12.982 

20.6 

Carbon disulfide 

1.883 

0.395 

8.0 


0.345 

36.099 

39.2 

n-IIexane 

1.877 

0.211 

9.3 


0.113 

6.552 

58.6 


“ The figures in this table apply to ‘‘room temperature/’ and are taken from K. II. 
Meyer and P. Kappolineier, Ber. 44, 2718 (1911). In the original paper, data are given 
also for a large number of intermediate concentrations in each of the four solvents studied. 
In each solvent, the ijcrfiontage of enol increases continuously between the extremes as 
the concentration of the ester decreases. 


dently the solutions are far from perfect; for, if the activities of the 
solutes Avere proportionid to their concentrations, the law of mass action 
would require that the position of the equilibrium in each solvent be 
independent of concentration, and that it be the same as in the pure 
ester. The justification of this statement is that, in equation 14-4 which 

CII3—CO—CHs—CO2C2H5 


CH3—C(OH)=CH—CO2C2H5 ( 14 - 4 ) 

describes the equilibrium, the same total number of molecules (namely, 
one) appears on each side of the reverse arrows. . 

14*3 Keto-enol Tautomerism in Some Simple Carbonyl Com¬ 
pounds. Before the rather complex keto-enol systems (of Avhich aceto¬ 
acetic ester is a typical example) are discussed further, it will be desirable 
here to survey the situations which are encountered Avith certahj more 
simple systems. This section will accordingly be restricted to a consider¬ 
ation of those compounds Avhich, in their keto forms, contain only 
isolated carbonyl groups, and Avhich, in their enol forms, are not phenolic. 
(A carbonyl group may be termed ^^isolated^' if it is not close enough to a 
second carbonyl group, or the like, in the same molecule to be signifi- 
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cantly affected by it; a compound may be termed ‘^not phenolic’^ if it 
contains no hydroxyl group that is directly joined to an aromatic ring.) 
The types of keto-enol tautomerism which are thus excluded from 
consideration in this section will be taken up in later sections. 

Any molecule containing the keto grouping, I, can be considered able 


~CH—C=() 

I I 
I 


-C=C—OH 

1 I 

II 


CHa—CH=0 HsC^CH—OH 

III IV 


to undergo a tautomeric change to an isomeric molecule containing the 
enol grouping, 11. In the compounds of the restricted class defined in 
the proceeding paragraph, the eciuilibria appear always to be greatly in 
favor of the keto forms. Acetaldcdiyde, for example, consists almost 
exclusively of molecules with the keto structure, III, and hardly at all 
of molecules with the alternative enol struceture, IV. Moreover, all 
attempts to prepare a substance, vinyl alcohol, Avith this latter stnicture 
have led instead to ordinary acetaldehyde. The compound can therefore 
be regarded as a suhstancey in the sense defined on page 582, and it can be 
said to have the keto structure III. Similarly, acetone can be considered 
to be a substance Avith the keto structure V, although a relatively small 


CHa—CO-CHa 

v 

CHa—CO—OH 

VII 


Cll2=C(OB)-Clh 

VI 

CH2=C:(0H)2 

A’lII 


number of enolic molecniles Avith structure VI are doubtless also present 
at equilibrium (see beloAv); and acetic acid can be considered to be a 
substance A\fith the keto structure Vll, although a relatively small 
number of enolic molecules Avith structure VIII may also be present. 

The evidemee supporting the belief that simple (*.arbonyl compounds 
of the types just mentioned are in equilibrium with small amounts of 
their respective enols is someAvhat indirect, but it seems to be entirely 
conclusive. With the feAV rather special exceptions noted below (see 
pages 593 ff.), the enol forms Iiave never been isolated. Nevertheless, 
the substances undergo a number of reacitions which at least suggest the 
enolic structure. For example, acetone, V, reacts Avith metallic sodium, 
Avith liberation of hydrogen and Avith formation of a salt. At one time, 
this reaction Avas considered to prove the presence of the enol form, VI, 
since the belief Avas then held that only this form, Avith a structure analo¬ 
gous to that of a phenol, could be sufficiently acidic to behave in the 
manner observed. At the present time, however, the argument is not 
considered to be conclusive; there is, in fact, reason to suppose that even 
the keto form, V, in which the enolic hydrogen atong^ is joined to a carbon 
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atom rather than to an oxygen atom, may be sufficiently acidic to react 
with an alkali metal. In any event, the salt that is formed cannot be 
considered derived, in a structural sense, solely from the enol form. 
Being a sodium salt, it is doubtless ionized, so that its structure is not 
expressible by diagram IX any more than by diagram X. Moreover, 

CH 2 =C—CHa Clio—CO—CHa CII 2 —C—CII 3 C~H 2 —C—CH 3 

II I II 

()—Na Na 0 

IX X XI XII 


even its anion cannot be described by the single enol structure XT, 
since resonance must occur to at least a small extent with the presumably 
less stable, and hence less important, keto structure, XIT. (See Section 
14*10 for a more detailed discussion of the (completely analogous problem 
that arises in connecction with the primary and secondary nitro com¬ 
pounds.) Furtlier similarly suggestive, but inconclusive, (.evidence is 
provided by the fact that, under certain conditions, (compounds with 
isolated (carbonyl groups may give rise to enolic derivatives. For ex¬ 
ample, cyclohexanone, XIII, is transformed by the action of acetic 


0 

I! 



()—CO—CHa 

H2,Ah 


ir 


'Ho 


1I2 


XIV 


0 



H 

II 


2 

2 


XV 


anhydride and sodium acetate into the (enol acetate, XIV. Several 
other substances with analogous st ructures, such as cyclopentanone, XV, 
diethyl ketone, XVI, and isovaleraldehyde, XVII, have been reported 


(C2H5)2C=0 

XVI 


( 0113 ) 2011 —CH 2 —CHO 

XVII 


to undergo reactions of this same type. 

Mu(ch more conclusive evidence for the presence of traces of enol in 
equilibrium with simple carbonyl compounds has b(»en obtained from 
kinetic studies of the acid-catalyzed halogxmations, racemizations, and 
deuterium exchanges of keton^j^^^he data bearing upon this problem 
have already been discussedj^^H^ earlier chapter (see pages 255 ff.), 
and consequently need not bc^^HRed here. It will be sufficient, there¬ 
fore, merely to call attention t^me fact that this kinetic evidence for 
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enolization is much less complete with aldehydes and with carboxylic 
acids and their derivatives than it is with ketones. Indeed, in the reac¬ 
tions of the acid derivatives, the rate-determining steps are certainly 
not always, and are possibly never, enolizations.^ 

The enol contents of a few simple ketones have been measured by an 
ingenious modification of the Kurt Meyer method.** This modification 
was developed originally ® for the determination of the positions of the 
equilibria in systems in which the tautomeric changes occur exception¬ 
ally fast; it was subsecpiently found, however, to be advantageous also 
for the study of systems in which the enol contents are extremely small. 

The prineiph's of this procedure arc the following. First of all, two different, 
aqueous stock solutions are prepared. One of these solutions contains both the 
ketone of interest and chloride ion Cl“, at known concentrations. The purpose of 
the chloride ion is to siu-ve as a ^‘tracer,” or as an “indicator” of the amount of this 
solution that is pnisent in the finally re‘sulting mixture. The second stock solution 
contains both bromide ion Br'’ and bromate ion JhOs", at known concentrations; 
it is slightly acidic,, and its pll is adjusted so that (d(‘mentary bromine is liberated 
at a satisfactorily slow rate by the reaction btjtween the bromide and bromate ions 
(equation 14.5), The two stock solutions are rapidly mixed \sith each other (and 

6H+ 4* r)Br“ 4- BrOg^ 3Br2 4- SHgO (14*5) 

also with distilled water, which acts as a “carrier”) by being allowed to flow at con¬ 
trolled rates into and through a small vessel. The reaction mixture* is then imme¬ 
diately brought into contact with a platinum ele(;trode. At the outset, when the 
(joncentration of the bromine in the second stock solution is extremely low, and when 
the enol is accordingly in excess in the reaction vessel, all the bromine is instantly 
rcmov(id by reaction wdth the enol. How’^ever, since the concentration of the bro¬ 
mine is increasing steadily as more of this halogen is being formed, there is ultimately 
reached a time at which the amount of free bromine available in the reaction vessel 
is exactly equivalent to the; amount of enol; and afttjr which the bromine, rather 
than the enol, is in excess. The reaching of this equivalence-point is made evident 
by a large and sudden change in the emf of the platinum electrode, as measured 
against a saturated calomel clec^trode. When this change in pot.cntial is observed, 
therefore, the concentrations of enol and of bromine in the reaction vessel are exactly 
equal. The calculation of the fraction of enol in the ketone then requires only knowl¬ 
edge of the concentration of elciinentary bromine in the stock solution in which it is 
being generated, and of the ratio in which the two stock solutions are being mixed 
with each other. The first of these necessary data can be obtained by an immediate 
analysis of a portion of the appropriate stock solution; the second, by an analysis 
of the reaction mixture streaming past the platinum electrode. (For further details 
regarding both the experimental procedure and the method of calculating the results, 
the original papers should be consulted.) 

®See, for example, M. S. Kharasch and LJ^^^Bbbs, J, Org. Chem. 6, 705 (1941). 

^ G, Schwarzenbach and C. Wittwer, 30 , 609 (1947). 

® G. Schwarzenbach and E. Felder, Heli\ Ch^t^la 27 , 1044 (1944); G. Schwarzenbach 
and C. Wittwer, ibid. 30 . 656 (1947). 
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In the way just outlined, the values listed in Table 14-3 have been 


TABLE 14.3 

Enol Contents of Some Monoketonks at Equilibrium in the Liquid State 

Compound % Enol " 

Acotorio 2.5 X 10“^ 

Cyulopenianoruj 4.8 X 

C\a!lohoxanoiie 2.0 X 10~“ 

“ G. Schwarzenbacli and C. Wittwer, Hdi\ Chim. Acta 30, 669 (1047). 

obtained. As expec.ted, the enol contents of the simple ketones arc 
extremely small. Relatively large unexplained variations occur, how¬ 
ever, with apparently minor changes in structure. It would be most 
interesting, therefore, to have data for a much larger group of com¬ 
pounds, and also data regarding the d(*pend(‘nce of the enol contents 
upon the solvent, the concentration, and the tc^mperature. 

The values given in Table 14-3 apply to the pure liquid ketones since, 
although the determinations were made in acpieous solution, insufficient 
time for the establishment of the new equilibria was allowed to elapse 
between the preparations of the solutions and the subsequent measure¬ 
ments. If the solutions were allowed to stand at room temperature for 
several hours or days, tlu^ enol contents very slowly deijreased; the 
equilibria are therefore even less favorable to the enol forms in aqueous 
solution than in the pure liipiids. 

A comparatively small numV)er of highly substituted vinyl alcohols 
that are the enolic forms of compounds with isolated carbonyl groups 
have been prepared. A typical example is provided by 1,2-dimesityl-1- 
propene-l-ol, XVIII, which is obtained by reduction of the unsaturated 



XVIII XIX 


ketone XIX.® This enol has some rather unexpected properties; it is 
insoluble in aqueous sodium hydroxide, and it gives no color with ferric 
chloride. It does, however, decolorize bromine slowly and permanganate 
rapidly (the latter reaction leato regeneration of the ketone XIX 

• R. C. Fuson, J. Corse, and C. H. McKeevor, J. Am. Chem. Soc. 62, 3250 (1940). 

^ R. C. Fuson, T>. .1. Byers, and N. Rabjohn, J. Am. Ckem. Soc. 63, 2639 (1941). 
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Its structure is shown by its infrared absorption spectrum/ and also by 
the fact that the ozonolysis of either it or its acetate, XX, gives 2,4,()- 




(■Ila 




1 

CHal^CJIIa H3C 

XX 

('Hsl^/^IIa 


trinipthylhon^soic ucid, XXI, and acetomcsiiyU'nc, XXIT.^ Its most 


CII;, 

/\C': 


CHj 


iCX)2 H 

'CIIs 


XXI 


oils—CX)/\ 
CHa 

XXIT 


CHa 

Clla 


striking feature is tiiat it does not rearrange to tiie keto fonn, XXIII 


('IT:, 


(^Il3 


/ 


Clh 


r’~('ii- 

CH. 


Clla 


XXIIT 


spontaneously, or even when refluxed for moderate periods of time either 
with alcoholic hydrogen chloride or piperidine, or with phosphoric acid.® 
Only when it is refluxed in methyl alcoholic hydrogen chloride for 13 
hours, in fact, is the isomerization effected.^ That the rearrangement is 
reversible, even though extraordinarily slow, is shown by the regenera¬ 
tion of the enol when a strongly basic solution containing both the keto 
form and sodium ethoxide in absolute ethyl alcohol is first refluxed for 
13 hours and then acidified.^ 

The properties of the enol XVIII and its keto form XXIII indicate 
that here, as with the simpler tautomeric pairs considered above, the 
keto form is present in the larger amount at equilibrium. The reasoning 
which leads to this conclusion is the following. The isomerization of the 
enol to the keto form takes place in the presence of an acid, which could 
be expected to act as a catalyst, but which could not be expected to alter 
significantly the relative amounts of the two forms present at equilib¬ 
rium. On the other hand, the reverse transformation of the keto to the 
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enol form takes place only in the presence of a strong base, which could 
be expected both to catalyze the interconversion and also to affect the 
equilil)rinin by transforming the compound into a salt. In other words, 
in the acidic medium the keto and enol forms are presumably present 
as such, and so the (iomposition of the final mixture presumably corre¬ 
sponds to the posit ion of the eciuilibrium. In the strongly basic medium, 
however, only rcjlatively small amounts of the keto and enol forms can 
be present as su(*>h, since most of the material has been transformed into 
an anion; this anion, on treatment with an acid, then gives the enol form. 
If this interpretation is correct, the e(iuilibrium between the anion and 
the enol form must be reached moni rapidly than is that between the 
anion and the keto form (cf. Section 14*10 for a discussion of the analo¬ 
gous situation with the primar>^ and secondary nitro compounds); con- 
secpiently, the enol form should react fairly rapidly with a base to form a 
salt. Tlu^ fact that this substance does not, however, dissolve in aqueous 
sodium hydroxide then suggests that the sodium salt must be rather 
insoluble in the strongly basic medium employenl. 

The reason why the enol XVIII can be isolated, even though it is 
apparently the less stable form, is of course that the rate of its conversion 
into the keto form XXIH is exceptionally small. Presumably steric 
liindrance, resulting from the presence of the large number of bulky 
methyl groups in the immediate neighborhood of the oxygen atom, is 
responsible for the extreme sluggishness of the reactions. (Cf. Section 
9*7.) This interpretation receives (considerable support from the obser¬ 
vation that stable enols analogous to 1,2-dimesityl-l-propene-l-ol, 
XVIII, have been obtained only when there is very great steric hin¬ 
drance. Furthermore, the rate of the transformation of the enol into 
the keto form increases as the steric hindrance deccreases. Thus, although 
1 ,2-dimesityl-l-propene-l-ol, XVIII, rearranges extremely slowly, the 
less hindered enediol, XXIV, which apparently exists in two stereo- 


CH3 T 


/\ 


-c:==(v 


CH 3 I 


XXIV 




ten. 


cm CH3 



CH3k^H3 


CH, 


J2 


XXV 


isomeric (cis-trans) forms, rearranges readily in the presence of either 
hydrogen chloride or piperidine,* the still less hindered dienol, XXV, 

* U. C. Puson and J. Corse, J, Am. Chem. Soc. 61 , 975 (1939); R. B. Thompson, ibid. 61 , 
1281 (1939): R. C. Puson, C. H. McKeever, and J. Corse, ibid. 63 , 600 (1940). 
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rearranges spontaneously at room temperature,® and the practically 
unhindered enol, XXVI, has never been isolated at all. 

OH 

XXVI 

Although the now available evidence for the enolization of simple 
carbonyl compounds is completely convincing only with the ketones, 
there is no reason to doubt that enolization occurs also to a small 
extent with aldehydes and with carboxylic acids and their derivatives. 
This belief is supported not only by the similarities in the general be¬ 
haviors of the different classes of compound, but also by the measured 
positions of the equilibria in certain related, but more complex, systems. 
(See Section 14*5.) The inference may, in fact, be drawn that aldehydes 
are probably more enolic than are analogous ketones, but that acids and 
their derivatives are probably less enolic than such ketones. 

14*4 Phenols. If phenol, I, possessed the simple Kekul6 structure 


OH 

OH 

OH 

A 

A 

A 

1 

U 

I 

A 

II 

i 

V 

III 


II or III, it would be an enol, strictly comparable with the enols dis¬ 
cussed in the preceding section. Since, however, it is instead a resonance 
hybrid receiving equal contributions from structures II and III, it is 
perhaps not legitimately classifiable as an enol. Nevertheless, in view 
of the close structural relationship between phenol and the enols proper, 
and in view also of the similarities in chemical properties, phenol can 
most conveniently be regarded as an enol of a special type. In any 
event, the problem of tautomerism arises with phenol, just as it does 
with the previously considered carbonyl compounds. 

Phenol is almost, if not quite, completely enolic. No convincing 
evidence for the existence of molecules with either of the two possible 
keto structures, IV and V, has been obtained, although the possibility 

• R. C. Fuson, W. E. Ross, and C. H. McKeever, J. Am, Ckem, 8oc, Cl, 414 (1939). 
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that a relatively very few such molecules may be present at equilibrium 
has not been excluded. The situation is therefore the opposite of that 
encountered with, for example, the largely ketonic acetic acid. On the 
other hand, the trihydric phenol phloroglucinol reacts in accordance 
both with the triphenolic structure, VI, and with the triketonic struc¬ 



ture, VII. Thus, it gives a color with ferric chloride and is acidic; but 
also it is changed into the trioxime, VIII, by the action of hydroxylamine. 
Moreover, when treated with methyl iodide and sodium methoxide, it 
gives not only the trimethyl ether, IX, but also the methylated ketone, X 



(as well as such ^^mixed” products as the diketo ether, XI). Resorcinol, 
XII, is intermediate in its properties between phenol and phloro- 
glucinol. 

The hydroxy derivatives of the more highly condensed aromatic hydro¬ 
carbons are usually analogous to those of benzene itself. Both 1-naph- 
thol, XIII, and 2-naphthol, XIV, for example, have every appearance 
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XIII XIV XV XVI 


of being true phenols, and not unsaturated ketones with structures like 
XV and XVI, respectively. Similarly, 1-anthrol, XVII, and 2-anthrol, 



XVII XVIII XIX XX 


XVIII, seem also to be phenols. 9-Anthrol, XIX, however, rearranges 
readily to the more stable keto form, 9-anthrone. XX. (For a discussion 
of heterocyclic phenols, see Section 14*11.) 

Although, as has just been stated, 1- and 2-naphthol and 1- and 2-aiithrol stuuii 
to be true phenols, there is nevertheless some evidence which at. least suggests the 
respective ketonic structures for these compounds. Thus, in the pn'sorKJo of pht^s- 
phorus oxychloride in benzene solution, isatin chloride, XXI, reacts with 1-naphthol. 


O 



XXI XXII 


XIII, to give a mixture of the products XXII and XXIII; and with 2-naphthol, 

XIV, to give the product XXIV. Similarly, the corresponding compounds XXV 



Y 




XXTV 


XXIII 
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and XXVI result from the action of isatin-a-anil, XXVII, upon 1-anthrol, XVII, 
and 2-aiithrol, XVIII, respectively, in warm acetic anhydride. In contrast, the 




HN 



XXV 



XXVI 


o 

II 

j I C=N—CeHs 

XXVII 


reaction between isatin, XXVIII, and phenol itself, I, in the presence of concen¬ 
trated sulfuric acid ll^ads to the diphenolic compound XXIX. Although the experi- 



(XCdU—OH.p)2 



mental conditions in ilvvAiv, several reactions are not. ('iitinily comparable, it appears 
evident that ketonic jiroducts c^an b(^ obtaiiuul from the naj^hthols and anthrols more 
easily than from phenol. 

14*5 1,3-Dicarboiiyl Compounds. Two carbonyl groups that are 
separated by a single carbon atom cannot be considered isolated from 
each other (see page 580), if the carbon atom between them is joined 
to at least one hydrogen atom. With the 1,3-dicarbonyl compounds, in 
fact, the enol forms (with the grouping 1 or often, more precisely, II) 


O—H O 



0—H—O 


I I! 

-c=c—c- 


I 

II 


o o 

li II 

~C—CH—C- 


I 

III 


seem always to be markedly more stable with respect to their correspond¬ 
ing keto forms (with the grouping III) than might have been anticipated 
in view of the low enol contents of analogous monocarbonyl compounds. 
An important example illustrating this generalization is provided by 
acetoacetic ester, which has already been discussed in some detail. (See 
Section 14*2.) Numerous further examples of several different types 
are, however, also known; this section will be devoted to a survey of 
these various classes of 1,3-dicarbonyl compound. 
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% Enol 






0.1 M in 


Gas 

Pare 

0.1 M in 

Abs. Alco- 

Compound 

Pliasci “ 

Liquid ^ 

Hexane “ 

hoi ' 

CHsCOCIIsCOaCHs 

53.7-55.0 

5.7-6.0 



CHaCOCHaCOaCallB 

45.3-51.6“- 

/ 7.3-7.8 

48-50 

9-11 

CHaCOCHCCrDCOsCaHs 

13.5-14.5 

4.0-4.2 

10.3-12.9 

5.1 

CH3C0CH(C2H5)C02C2H5 

9.8-10.2 

2.9-3.1 

14.0-15.0 

3.0-4.0 

CHsCOCIIC^i-CsTDCOaCsIlB 

13.1-13.4 

6 .8-7.2 

14.3-14.5 


CHsCOCIIU-CsIWCOaCzIIs 

6.0-6.25 

4.8-5.0 

5.85-6.1 


CH8C0CH(^-C4H9)C02C2H5 

13.0-15.0 

6.0-4).2 

9.0-11 

5.7-6.4 

CH3C0CH(&‘C«-C4n9)C02C2H5 

8 .0-10.0 

8.3-8.5 

8 .6-9.9 

9.0-9.5 

CH3COCH(sfJC-C4 H9)C02C2H5 

54.0-56.0« 




Cn3C0CH(C6H5)C02C2li5 

78-82*^ 

29.5-31.5 

66-68 

30.4-31.0 

CH3C0Cii(C6rr5)C02C2H5 

9.0-10.0' 




CHsCOCHCCHaCel DCOaCsIlG 

11.0-14.0 

4.8-5.0 

11-13 

5.0-5.5 

Hg 0 

26.7-28.3/ 

4.5 


6.4 

^COjCjHs 


Ha O 



CeHsCOCHaCOaCHa 

CeHsCOCHaCOaCaHs 

C6H6CH2C0CH(C6H6)C02C2H6 

C6H5C0CH(CH2C6H6)C02C2Hb 


89.9-91.7/ 70 


18 


0.5 


25 


18.5 

21.4 

Solid 

4 


60 


14 


0.5 


23.3 


24 

24 

31 

4.1 
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1,3-Dicarboiiyl Compounds 

NOTES FOR TABLE 14-4 

® The data in this column are for 25°C and, except as noted, are taken from J. B, Conant 
and A. F. Thompson, Jr., J, Am, Chem. Soc. 64, 4039 (1932). 

* The data in this column above the double horizontal line are taken from J, B. Conant 
and A. F. Thompson, Jr. (reference a), and are for 25°C; the data below the double hor¬ 
izontal line are taken from W. Dieckrnann, Ber. 56, 2470 (1922). 

® The values above the double horizontal line are for 0.1 M solutions at 25°C; those be¬ 
low the double horizontal line are for 1 per cent solutions at 20®C. 

‘'Value for 25®C, obtained by extrapolation of data obtained at higher temperatures. 

• This value is for 95°C. 

■'“R. Schreck, J. Am. Chem. Soc. 71 , 1881 (1949). 

With respect to enol content, rnalonic ester (ethyl malonate), with 
the keto and enol structures IV and V, respectively, is doubtless inter- 

0 O O—H-—O 

II II I II 

C2H5—O-C—CH2—C—O—C2H5 C2H5— 0 —C=CH—C—O—C2H5 

IV V 

mediate between the almost nonenolic monocarbonyl compounds like 
acetone and ethyl acetate, on the one hand, and the appreciably enolic 
/3-ketoesters, like acetoacetic ester, on the other. Thus, this compound 
must be somewhat enolic, since it has some acidic character and since 
it couples, like a phenol, with benzene diazonium chloride. Neverthe¬ 
less, its enol content must be very small since it is insoluble in aqueous 
sodium hydroxide, gives no color with ferric chloride, and instantly 
absorbs extremely little, if any, bromine.^® The enol form has not as 
yet been isolated, although unstable solutions of it, which revert rapidly 
to solutions of the equilibrium ester, have been obtained by acidification 
of the sodium salt.^® With the remaming esters of dicarboxylic acids, 
the keto forms of which contain the grouping III, the situations are 
closely analogous to that with rnalonic estcjr itself. In all such com¬ 
pounds which have so far been studied, the enol contents at equilibrium 
seem to be significantly greater than that in, say, acetone or ethyl acetate, 
but much less than that in, say, acetoacetic ester. 

In a ^-kctoester, the enolic hydrogen atom is joined to a carbon atom 
that lies between one ketonic and one ester group. Most, if not all, 
compounds of this class (like the most familiar representative, aceto¬ 
acetic ester) are sufficiently enolic that their enol contents can be deter¬ 
mined by the Kurt Meyer method (see pages 687 f.), and that their 
enol forms can be isolated by one or another of the procedures outlined 
above (see page 585). The positions of the keto-enol equilibria vary 
a great deal, however, with the solvent (if any), with the concentra¬ 
tion, with the temperature, and with the structure of the compound. To 


“K. H. Meyer, Ber. 45 , 2864 (1912). 
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TABLE 14.5 

Keto-enol Equiijbria in Some 1,3-Diketones 


Compoujid 

CH 3 COCIT 2 COCII 3 

CH3Cocn(cii3)cocTr3 

CH8COCH(C2n5)COCIl3 

CHsCOClKCzJDCOClL 

CHaCOCHcCILCellfOCOCITa 

CIl 3 COCHBrC()CH 3 

CH3COCH(SOaCH3)COCH3 



% Enol 


0 I jTf 
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0.1 M ill 

in Abs. In 

Phase " 

Lifiuid “ 

lli^xane “ 

Alcohol “ Water'' 

91-93 

76-80 

01 .4-02 

82.5-83.5 15.5 

43.5-44.5 

30 31 

58.5 59.4 

30.6 32.3 2.80 

34.0-37.0 

58.0-1)0.0'^ 

2t)-27 

26.2-26.7 

27.0 30.4 . 

58.0-72.0 

f>l-«2 

66-70 

45.0 47.5 . 

. 8.1 


l.i 

29.1 


15.1 


1.60 


1.03 


95.3 


48.4* 


40.6*’ 
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NOTES FOR TABLE 14*5 

“ Tho data in this column are taken from J. B. Conant and A. F. Thompson, Jr., J. Am, 
Chem. Soc. 64, 4039 (1932), and arc for 25°C. 

^ The data in this (ioliimn are taken from G. Seliwarzenhach and E. Felder, Ilelv, Chim. 
Acta 21 1 1044 (1944), and are for 0.01—0.001 M solutions at 2i)°(\ 

Value for 2.5°C, obtained by extrapolation of the data obtained at higher temi>eratures. 
^ This value is for 95°C. 

A hcXoaldehydc. 


tlio extent that a gcnemlization can legitimately lie based upon the data 
now available, the variations of enol c.ontent with solvent and with 
(concentration are usually similar to those observed with acetoacetic 
ester itself (see Tables M • 1 and 14*2); that is to say, the enol forms are 
usually favored in the less polar solvents, and the equilibria shift toward 
the positions characteristic of the pun*, licpiid esters as the concentrations 
are increased. (The theoretical interpretation of these variations will 
be disccussed in the following secction.) Very little can be said about the 
dependence of keto-enol ecfuilibria upon temperature, since this problem 
has so far been relatively negleck'd. (However, see Table 14.4.) As 
with ac(4,oacetic ester itself, the enol forms are in gcmeral more volatile 
than the keto forms. The presence of hydrogen bonds in the enols, 
which arc accordingly not strictly hydroxylic compounds, is therefore 
indicated. 

Even under a given set of experimental ccjnditions, the positions of 
the equilibria in different /?-ketoesters may be very different. For 
example, the data given in Table 14*4 show that minor changes in 
structure can have surprisingly great effects. In general, an alkyl sub¬ 
stituent upon the carbon xitom to A\hich the enolic hydrogen atom is 
attached decrease's the enolization. The inclusion of the ketonic carbon 
atom in an alicyclic I’ing may lead to large, but completely erratic, 
variations in the enol content. The significancje of these conclusions is 
rendered somewhat Tinccrtain, however, by the fact that, with a-sec- 
butyl- and a-plumylacetoacetic ester, the equilibria shift rapidly with 
the temperature, and in opposite directions. Possibly, therefore, any 
correlation made with the aid of such data as those in Table 14-4 might 
be valid only for a single temperature; and some entirely different corre¬ 
lation might be valid instead at some different temperature. 

1,3-Diketones are usually somewhat more enolic than are analogous 
/8-ketoesters. They show, however, the same sorts of variation in enol 
content with the experimental conditions and with stnicture. Generali¬ 
zation is, however, again difficult. The positions of the equilibria in a 
number of typical systems are shown in Table 14 • 5. As with the jS-keto- 
esters, a number of these dicarbonyl compounds have been separated 

Cf. J. B. Conant and A. F, Thompson, Jr., J, Am. Chem. Soc. 64, 4039 (1932). 
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into their keto and enol components. The enols, since they are ordinarily 
more volatile than the keto forms, presumably contain intramolecular 
hydrogen bonds (except for the last three dikctoncs listed, with which 
such hydrogen bonds arc geometrically impossible). 

^-Ketoaldehydes are lisually even more enolic than analogous 1,3- 
diketones. Thus, as is shown in Table 14*5, 2-formylcyclohexanc-l-one, 
VI, and 2-formylcyclopentane-l-one, IX, have appreciably higher enol 
contents than do their acetyl analogs. With any compound of this type, 
two different types of enol are possible, since the enolic hydrogen atom 
could become attached, in the enol form, to the oxygen atom of either 
the ketonic or the aldehydic carbonyl group. Thus, 2-formylcycl()- 
hexane-l-one, VI, could be in equilibrium with either VH or VIII, or 
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with both; and 2-fonnylcyclopent4uie-l-one, IX, could be in equiUbriuin 
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with either X or XI, or with both. The view which is most commonly 


CH2 

/ \ 

H2C C =0 

I I 

H2C-C=CHOH 

XI 


held is, however, that the so-called hydroxymethylene structures VIII 
and XI are correct, or, at any rate, that these structures represent the 
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predominant (if perhaps not the only) enolic forms present. Indeed, 
these compounds are usually called hydroxymethylenecyclohexanone 
and hydroxymethylenecyclopentanone, respectively. Other compounds 
with analogous structures ordinarily possess similar properties; they also 
are usually called hydroxymethylene ketones. Since these compounds 
doubtless contain intramolecular hydrogen bonds, the distinction be¬ 
tween the two types of enolic structure is, however, very slight. As 
is implied by the general use of the designation “hydroxymethylene 
ketone,’’ the pure compounds (whether solid or liquid), seem to be en- 


TABLE 14 6 


Keto-enol ICgmuBRiA in Some IIyokoxymethylene Ketones 


Compound 

CaHfiCO— C(Cn3)=CTIOH 
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Solid 


% Enol “ 
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Solid 
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H2 


Ih 


Liquid 


100 



• K. V. Auwers and H. Jacobsen, Ann. 436, 161 (1922). 
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tirely enolic, or neaxly so. Thus, by application of the Kurt Meyer 
method, v. Auwers and Jacobsen have obtained the results shown in 
Table 14 • 6. The effect of the solvent upon the positions of the equilibria 
with a number of compounds belonging to tliis class has been investigated 
by Sen and Mondal,^** who found that the enol contents decrease with 
the time in alcoholic solution, but increase slightly in either benzene or 
ether solution. 

Wlien two or more pairs of carbonyl groups that are in the 1 , 3 -positions 
with respect to each other arc present in the same molecule, the possi¬ 
bilities for keto-enol tautomerism are increased. Diacetylsuccinic ester, 
for example, has been obtained as the diketo form, XII, the keto-enol 

CH3CO—ClI—CO2C2H5 CH3—C(OH)=C—COsCoHs 

I I 

CH3CO—ClI—CO2C2II5 c;il3—CO—Cli—00202115 

XII XIII 

form, XIII, and the dienol form, XIV. Actually, altogether five 

OH3—C(OH)=C—OO2O2H, 

OH3— 0 (OH)=C—OO2C2H5 

XIV 

different forms of this ester are reported to have been isolated; two of 
these are doubtless sfm^oisomers of other forms. 

It is possible for the molecAile of a keto form to contain a hydrogen 
atom that is alpha to three carbonyl groups. Any such compound might 
be expected to be more enolic than an analogous one in which the 
corresponding hydrogen atom is alpha to only two carbonyl groups. This 
expectation is sometimes in agreement with experiment. Thus, tri- 
carbomethoxymethane, XV, is 8-16 per cent enolic in the gas phase, 

HC(C02CH3)3 H2C(C0202H5)2 OH3—C^O—0H(C02C2H5)2 

XV XVI XYll 

although the enol content of the analogous malonic ester, XVI, is so 
small that the attempt to measure it has failed. Similarly, acetylmalonic 
ester, XVII, is 71 per cent enolic in absolute alcoholic solution, whereas 
both acetoacetic ester and malonic ester are much less enolic. Never¬ 
theless, examples in which the variation is in the opposite direction are 
also known. Thus, although dibenzoylmethane, XVIII, is apparently 

H2C(C0—C6H5)2 HC(C0—C6ll5)3 

XVIII XIX 

V. Auwers and H. Jacobsen, Ann. 426 , 161 (1922). 

** H. K. Sen and K. Mondal, J. Indian Chem. Soc. 6, 609 (1928). 
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almost completely enolic either in the pure state or in alcoholic solution, 
tribenzoylmethane, XIX, is reported to be markedly less enolic. 

14*6 The Variation of Enol Content with Solvent. It has been 
stated (pages 588 and 603) that acetoacetic ester is more enolic in a 
nonpolar solvent than in a polar one, and that most other 1,3-dicarbonyl 
compounds which have been investigated behave similarly. The reason 
for this striking regularity can be understood with the aid of the vanT 
IToff-Dimroth relation, a somewhat different form of which was discussed 
in an earlier chapter. (See Section 2*9.) 

For the reaction shown in equation 14-6, the value of the equilibrium 

keto4=±enol (14-6) 

constant X, given by equation 14*7, varies from solvent to solvent if 


K - 


Ce 


(14-7) 


the concentrations Ce and Ck of the enol and keto forms, respectively, 
are expressed either in moles per liter or in any of the other conventional 
units. However, the constant tf, defined by equation 14*8, should be 


C =: ^ X — 

Ck/Sk Se 


(14*8) 


more or less independent of the solvent if the solubilities Se and Sr of 
the enol and keto forms, respectively, in the solvents of interest are not 
too great. Now, if equation 14*8 is put into the equivalent form 14*9, 


X - G 


Se 

Sk 


(14*9) 


the ordinary equilibrium constant X is seen to be equal to a constant G 
(which is chara(;teristic of the particular keto-enol system, but is approx¬ 
imately independent of the solvent) multiplied by the ratio Se/Sr of 
the solubilities of the two forms. It follows, therefore, that the relative 
amount of any given enol form present at equilibrium is greatest in 
that solvent in which its relative solubility Se/Sr is greatest, and least 
in that solvent in which its relative solubility is least. It follows also 
that, with acetoacetic ester and its analogs, the solubilities of the enol 
forms, relative to those of the corresponding keto forms, are greatest in 
the least polar solvents and least in the most polar solvents. 


W. Dieckmann, Ber, 66» 2470 (1922), 
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The extent to which equation 14 • 9 permits a quantitatively accurate 
interpretation of the observed variations in the positions of the keto-enol 
equilibria is illustrated by the data of Table 14-7. The compound to 

TABLE 14.7 

Variation with Solvent of the Keto-enol Equilibrium in Benzoylcamphor ® 


Solvent 

K 

Se/Sk 

G 

Ethyl ether 

6.81 

6.39 

1.06 

Ethyl actjtaio 

1.98 

1.81 

1.09 

Ethyl alcohol 

1.67 

1.57 

1.06 

Methyl alcohol 

0.869 

0.748 

1.15 

Acetone 

0.852 

0.80 

1.06 


“ O. Dimroth, Ann, 399, 91 (1913). 


which these data refer is benzoylcamphor, T. Although hero the ratio 
Sb/Sk of the solubilities varies by a factor of 8, the value of G is constant 
within less than ±5 per cent. 



The above conclusion that the relative solubilities of the enol forms 
increase as the polarity of the solvent decreases may at first sight seem 
somewhat surprising. Since hydroxylic compounds are ordinarily more 
polar than analogous ketonic ones, and since *^like dissolves like,’' the 
enol forms might have been expected to have their least, rather than 
their greatest, relative solubilities in the nonpolar solvents. The situa¬ 
tion here is therefore completely analogous to the one encoimtered earlier 
(pages 585 f.), when attention was called to the fact that the enol form of 
acetoacetic ester is more volatile than the keto form. The two related 
anomalies can be explained in the same way, i.e., as a consequence of the 
intramolecular hydrogen bond in the enol form. The enol form is 
accordingly less polar than the keto form, and not more polar, as might 
have been supposed. The situations with the remaining 1,3-dicarbonyl 
compounds, with which the enol forms are more volatile than the keto 
forms and are favored in the nonpolar solvents, are of course completely 
analogous to that with acetoacetic ester. 



Sec. 14*6 The Variation of Enol Content with Solvent 


609 


The enol contents of acetone and of other simple monoketones have been found 
to be smaller in aqueous solution than in the pure liquid. (See page 693.) In view 
of the foregoing considerations, this observation seems anomalous; for, with these 
compounds, there is no possibility of intramolecular hydrogen bonds, and hence no 
obvious reason why the relative solubilities of the enol forms should be lejss in water 
than in the corresponding ketones. Perhaps the equilibria arc displaced by hydration 
of the keto forms. The problem deserves further study. 

The nature of the solvent can affect the keto-enol equilibrium of a 
1,3-dicarbonyl compound in still a different way. When the enol content 
of any such compound in a solvent like water or alcohol is measured by 
the Kurt Meyer method, the amount of bromine absorbed is found to be 
appreciably greater in a strongly basic solution than it is in an approxi¬ 
mately neutral one. Indeed, in the most basic solutions, the amount of 
bromine absorbed may approach the value corresponding to an enol 
content of 100 per cent (as, for example, with acetylacetone, II). This 
phenomenon is undoubtedly due, however, not primarily to a shift in 
the equilibrium between the un-ionized keto and enol forms, II and III, 

CHa—CO— CII 2 — CO— CH 3 CH 3 — C(OH)=CH—CO—CHa 

II III 


respectively, but rather to the transformation of the compound into a 
salt. The anion of this salt, which absorbs bromine just as the enol form, 
III, docs, must resonate among the keto and enol structures, IV, V, 


0 0 

II .. II 

CII 3 — C—C-H—C— CII3 


0 “ 0 

I II 

CH 3 — C=CII—C— CH 3 

V 


and VI. Since the salt is therefore not strictly an enol, the statement 

0 o- 

II I 

CH 3 —C—CH= 0 ^H 3 

VI 


that the equilibrium shifts toward the enol form in basic solution is not 
quite correct. (See also page 591.) 

The absorption of bromine by a 1,3-dicarbonyl compound may increase 
in strongly acidic solution as well as in strongly basic solution. Acetyl¬ 
acetone, 11,^® for example, has an apparent enol content of about 75 
per cent in concentrated sulfuric acid, although it is only 15.5 per cent 
enolic in water. (See Table 14 • 5.) The explanation here is presumably 
that, in the acidic medium, the equilibrium which is measured is no 
longer the one between electrically neutral keto and enol forms, II and 


Schwarzenbach and C. Wittwer, Ildv, Chim, Acta SO, 659 (1947). 
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III, respectively, but rather one between ketonic and enolic oxonium 
cations. (Cf. Section 2-3.) The direction in which the equilibrium is 
observed to be displaced then shows that the cnol form is more basic 
than the keto form; this conclusion seems reasonable since the resulting 
enolic cation must be stabilized by the resonance between the two 
(almost) equivalent structures VII and VTll, whereas the ketonic cation, 

0—II.0-^TI O-^—II—OH 

I II II I 

CHs—C= m:^II—C—CII 3 CH 3 —C—CH=C—CHs 

vir VIII 

IX (or perhaps X), cannot be stabilized in any such way. (Cf. Section 
10 * 10 .) 

O+H 0 ()+—II—0 

II II II II 

CH 3 —C—CHa—C—CII 3 CII3—C—CHa—C—CHs 

IX X 

14*7 Other Types of Dicarhonyl Compound. An acyclic 1,2- 
diketone, such as biacetyl, I, is ordinarily yellow and predominantly 

O 0 

11 II 

CII 3 —C—C—CH 3 
I 

ketonic. A cyclic 1,2-diketone, such as cyclohexane-1,2-dione, IT, on 
the other hand, is ordinarily colorless and highly enolic, as in structure 
III. The marked difference between these two classes of compound is 
shown by the data of Table 11*8. 

With certain types of aromatic 1,2-diketonc, even if the carbon atoms 
of the two carbonyl groups are not parts of rings, the cnol contents may 
be rather large. Such substances, therefore, resemble the cyclic com¬ 
pounds listed in Table 14*8 more closely than they do biacetyl, even 
though in structure they seem more analogous to the latter acyclic 
compound. For example, benzyl methyl diketone, IV, is about 60 per 

Cells— CH2— CO—CO— CH3 CeHs— CH2— CO—CO—CoHfi 

IV v 

cent enolic in the pure liquid at 100 ®C,^® and benzyl phenyl diketone, V, 
is 29.6 per cent enolic under the same conditions.^® Each of these two 
compounds has been separated into its keto and enol forms. Since, under 

H, Moureu. Ann, chim, [10] 14, 283 (1930). 
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TABLE 14.8 


Ketoenol Equilibria in Some 1,2-Diketones 


Compound 

Ih 

H^/\rr=0 

\ l2l^y=0 

II 2 



112 


H 2 - 

112 L 

H 2 



H \ll3 
H 


CII3-A-^^=-0 

CII 3 —CO—CO—CII 3 


%Enol^ 


40 


60 


100 

100 


100 

5.6 X 10-3 


“ ExcejDt as noted, the values in this column are taken from G. Schwarzenbach and C. 
Wittwer, Hdv. Chim. Acta 30, OG.'l (1947), and refer to dilute aqueous solution. 

* The value for this coriipound i.s taken from G. Scliwarzenbatjh and C. Wittwer, Helv, 
Chim. Acta 30, 669 (1947), and is for the pure li<iuid ketone. 


10 mm pressure, the koto form, IV, boils at 104°~108°C, whereas the 
corresponding enol form, VI, boils at the higher temperature of 133°- 

CeHs—CH=C(OH)—CO—Clia 

VI 

134°Cq it is improbable that an intramolecular hydrogen bond exists in 
the latter substance. This conclusion is in agreement with the generali¬ 
zations stated in Section 2-6; for, if an intramolecular hydrogen bond 
did exist in the enol, as in structure VII, the ring would consist of only 

OH-0 

i II 

CeHfi—CH=C—G-CHa 

VII 



612 


Tautomerism 


Sec, 14*7 


five members (including the hydrogen atom), and it would contain 
only one double bond. 

In a 1,4-diketone, such as acetonylacetone, VIII, the two carbonyl 
CHa—CO—CH 2 —CH 2 ~C 0 — CII3 

VIII 

groups are fairly completely isolated from each other; there is, at any 
rate, no really convincing evidence that any compound of this type is 
significantly more enolic than a simple monoketonc. That the isolation 
of the carbonyl groups is not absolute, however, is suggestexi (without 
being in any sense proved) by certain reactions which can be most 
simply interpreted in t(^rms of a dienolic structure like IX. Thus, 

CH 3 —C(OH)=CTI—CII-=C(OIl)—CHa 

IX 

acetonylacetone, VIII, is transfoimed into 2,5-dimethylfuran, X, when 

lie-CII 

II '' 

CTIa— C 6 — CII3 



O 


S 


X 


XI 


distilled with zinc chloride, into 2,5-dimcthylthiophene, XT, when heated 
with phosphorus pentasulfide P2S5, and into 2,5-dimethylpyrrole, XII, 



when heated with alcoholic ammonia. 

When two carbonyl groups are separated from each other by a satu¬ 
rated chain of more than two atoms, they can be considered completely 
isolated; under such circumstances, the possibility that the cnolization 
is greater than usual is not supported by even inconclusive evidence of 
the type just mentioned in connection with the 1,4-diketones. However, 
when the chain separating the carbonyl groups is unsaturated, the enol 
contents may be appreciable. Giutaconic dialdehyde, XIII, for example, 

0=C!—CH2—C^H—G^ 
CH====CH-CH===0 ins ina CH 3 

XIII XIV 
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seems to be relatively very enolic; in particular, it forms an especially 
stable sodium salt.^^ Moreover, the related ketone, XIV, seems also 
to be appreciably enolic, although rather less so than the aldehyde, 

14-8 Variations in Enol Content with Structure. An important 
theoretical problem is presented by the above-mentioned extreme varia¬ 
tions in the enol (contents of carbonyl compounds, ranging from prac¬ 
tically 0 per cent in, say, acetone to practically 100 per cent in, say, 
phenol. Although, unfortunately, this problem has not yet been com¬ 
pletely solved, several of the factors involved in it are now fairly well 
understood. 

All attempts that have been made to account for the observed differ¬ 
ences in the positions of the keto-enol equilibria have been based upon 
the assumption that the keto grouping, I, is normally more stable than 

-CH—C=0 -C=C—OH 

II II 

I II 

the enol grouping, II. The almost completely ketonic acetone is there¬ 
fore considered to illustrate the normal situation, whereas the appre¬ 
ciably enolic acetoacetic ester and the almost completely enolic phenol 
are considered instead to illustrate anomalous situations requiring expla¬ 
nation. This view is, indeed, reejuired not only by the chemical facts 
but also by certain thermochemical considerations. As is well known, 
the heat of combustion of a (nonresonating) substance can usually be 
calculated with moderate accuracy as the sum of contributions from 
each of the valence bonds present. (Cf. pages 427 f.) When this pro¬ 
cedure is applied to the keto and enol groupings, I and II, respectively, 
the former is found to correspond to the lower heat of combustion, and 
hence to be the more stable, by something like 15-18 kcal per mole.^® 
In other words, the sxim of the bond energies for the keto grouping, I, is 
greater than is the corresponding sum for the enolic grouping, II, by 
something like 15-18 kcal per mole. This figure, although it cannot of 
course be relied upon as more than approximately correct, is so large 
that the error in its exact value is doubtless insignificant. Consequently, 
even when the maximum reasonable allowance is made for a possibly 
adverse entropy effect, the conclusion that the equilibrium mixture 
should consist largely of the keto form seems inescapable. 

The enol form of phenol resonates between the two Kekul6 structures, 
III and IV; like benzene, it is presumably stabilized by this resonance 

I'^G. Sohwarzenbach and K. Lutz, Helv. Chim, Acta 23, 1147, 1162 (1940). 

Cf. Table 3*4 on page 64 of G. W, Wheland, The Theory of Reeonance, John Wiley and 
Sons, New York, 1944. 
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OH 

A 

OH 

A 


V 

V 

V 

HI 

IV 

V 


O 

II 

/\ 

I I 

V 

H2 

VI 


to the extent of about 35-40 kcal per mole. (Cf. Section 10-10.) The 
two possible keto forms, V and VI, on the other hand, contain only 
simple conjugated systems, rather than intac^t benzene rings, and so they 
are presumably much less stabilized by the resonance. Consequently, 
although either keto form should be more stable than the enol form if 
resonance did not exist (since the sum of the bond energies is greater for 
the former than for the latter stni(iture), the effect of the resonance is 
sufficient to reverse the order and to make the enol form much the most 
stable one of the three. 

In phloroglucinol, the trienoHc form resonates between the Kekule 
structures, VII and VIII, whereas the triketo form can be assigned the 



VII VIll IX 


unique structure IX. Although the resonance therefore favors the 
trienolic form of this compound somewhat more than it does the enolic 
form of phenol, the situation here is modified by the presence of three 
enolic, and of three ketonic, gi’oupings in the respective molecules. 
Since, in the absence of resonance, the keto grouping is much more 
stable than the enolic one, the difference in bond energies favors the 
triketo form, IX, of phloroglucinol even more than it favors the keto 
forms, V and VI, of phenol. The effects of the resonance and of the 
bond energies are therefore in opposite directions; if the resonance alone 
were important, phloroglucinol should be soniewhat more enolic than 
phenol but, if the bond energies alone were important, phloroglucinol 
should be much less enolic than phenol. Although a prediction of the 
exact position of the equilibrium in phloroglucinol could hardly be based 
upon such roughly qualitative considerations, the observation (see 
page 597) that this compound is definitely less exclusively enolic 
than is phenol is at least not unreasonable. Moreover, the further 
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observation that resorcinol, X, which is intermediate in structure be- 



X 


tween phenol and phloroglucinol, is intermediate also in properties is 
likewise not unreasonable, 

nie high enol contents of 1-naphthol, XT, 2-naphthol, XII, 1-anthrol, 


OH OH 



XI XII XIII XIV 


XTTI, and 2-anthr()l, XTV, can easily be accounted for in the manner 
just outlined. The fact that the ketonic 9-anthrone, XV, is more stable 



112 


XV XVI XVII 

than its enoHc tautomer, 9-anthrol, XVT, is, however, somewhat un¬ 
expected. A possible explanation is that the loss of resonance stabilizar 
tion in the transition from the 9-anthrol structure, XVI, to the 9-an- 
throne structure, XV, may be markedly loss than the loss in the transi¬ 
tion from the phenol structure, XVII, to either one of the cyclohexa- 
dienone structures, V and VI. Indeed, the resonance energy of the 
anthracene ring system might be expected to be less than three times 
that of benzene, since the three rings in the more complex system are 
not independent of each other.^® Neither the experimental data regard¬ 
ing the resonance energies nor the theoretical calculations that are now 
available are of sufficient accuracy, however, to permit a trustworthy 
conclusion. 

Cf. G, W. Wkeland, The Theory of Resonance, John Wiley and Sons, New York, 1944, 
pages 207 f. 
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Although fairly satisfactory interpretations of the keto-enol equilibria 
in phenols are thus usually possible, no equally satisfactory interpreta¬ 
tions of the equilibria in systems of other types have as yet been given. 
The difficulties that arc encountered in the attempt to explain the smaller 
variations among the 1,2- and 1,3-dicarbonyI compounds are illustrated 
in the following discussion. 

In acetylacetone, the enol form, XVIII, possesses both an intra- 
OH-O 0 0 

I II II II 

CHa— C=Cri— C^—CHs CHg—C—CHa—C—CH3 

XVIU XIX 

molecular hydrogen bond and a conjugated system that are not present 
in the keto form, XIX. It is natural, therefore, to suppose that the 
enol is stabilized to the extent of some 5-10 kcal per mole by the hy¬ 
drogen bond, and to the extent of some 2-3 kcal per mole by the conju¬ 
gated system. These figures of 5-10 and 2-3 kcal per mole represent, 
respectively, the order of magnitude of the energy of a hydrogen bond 
between two oxygen atoms,and that of the resonance stabilization of a 
simple conjugated system.^^ At least the major part of the difference 
between the bond energies of the keto and enol systems is therefore 
counterbalanced by these two factors. No adequate explanation of the 
high enol content of acetylacetone can, however, be based upon only 
such considerations as these, since still other unrecognized factors appear 
also to be important. For example, the cyclic 1,2-diketones listed in 
Table 14*8 are, in general, even more enolic than acetylacetone (cf. 
Table 14*5); the former compounds, however, are, on geometrical 
grounds, prevented from containing hydrogen bonds, and they are no 
more extensively conjugated in their enol forms than in their keto forms. 
Moreover, the striking difference between the cyclic and the acyclic 
1 ,2-diketones finds no explanation in terms of either hydrogen bonds or 
conjugation. It looks, in fact, rather as if there is some as yet unex¬ 
plained factor which greatly favors the enolization of cyclic ketones. 
Thus, the enol content of cyclohexanone is about 80 times as great as 
is that of acetone (cf. Table 14*3); and 5,5-dimethylcyclohexane-l,3- 
dione, XX (Dimedon), which can have no intramolecular hydrogen bond, 

Cf. L. Pauling, The Nature of the Chemical Bond, Cornell University Press, Ithaca, 
let ed., 1939, page 313, 2nd ed., 1940, page 333; M. Davies, Ann, Repts, Progress Chem, 
(Chem. Soc. London) 43, 6 (1946). 

^ CL G. W. Wheland, T?ie Theory of Resonance, John Wiley and Sons, New York, 1944, 
pages 55 . 





is more enolic than acetylacetone, which does have one (cf. Table 14*5). 
On the other hand, the erratic variations in enol content that are ob¬ 
served with the five different 2-carboethoxycycloalkane-l-ones listed in 
Table 14*4 suggest that the mere presence of a ring is not alone sufficient 
to ensure extensive enolization. Clearly, the situation is still very ob¬ 
scure. Further progress toward the final solution of the problem must 
apparently await further experimental data. 

14 • 9 Some Further Types of Proiotropy. A rather large number 
of different sorts of prototropy (see Section 14*1) are now recognized. 
In most, but not all, of these sorts, the tautomeric structures can be 
expressed in general terms by the symbols I and II, in which X, Y, and Z 
represent unspecified multivalent atoms, and II represents a hydrogen 
atom. Keto-enol tautomerism, for example, belongs to this class, since 
the groupings I and II become identical with the koto and enol groupings. 


X=Y—Z X—Y=Z (>===6 —0—C=C- 

II II 

H H H H 

I II III IV 

III and IV, respectively, if X, Y, and Z are considered to stand specifi¬ 
cally for O, C, and C, respectively. 

Another type of protropy that can be represented by the general 
structures I and II is the laciam-lactim tautomerism of the amides of 
carboxylic acids. Although benzamide, for example, is usually con¬ 
sidered to consist largely of the lactam form, V (however, see below), 

0 . OH 

/• / 

CeHs—C CeHe—C 

\ \ 

NHa NH 


V 


VI 
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there is a possibility that more or less lactim form, VI, is also present. 
The evidence regarding the position, or even the existence, of the equi¬ 
librium in such a system, however, is not conclusive. The action of 
ethyl iodide alone upon benzamide leads to an N-ethyl derivative, of 
which the lactam structure is VII; whereas the action of a mixture of 


CoHs 


j 

\ 


O 


NHC2H5 


VII 


O-C2H5 

/ 

CgHs—C 

\ 

Nil 

VIII 


ethyl iodide and silver oxide leads instead to the O-ethyl derivative (or 
imino ether), VIII. The first reaction is consistent with the lac.tam 
structure, V, whereas the second appears instead to favor the lactim 
structure, VI. Su(;h reactions, however, cannot lead to a convincing 
assignment of structure; for, even if they both gave the same prodiud, 
they would not be sufficient, in the absence of information regarding their 
detailed mechanisms, to (istablish the structure of the original benzamide. 
The reactions of the more acidic imides of dibasic acids with diazo¬ 
methane CIT 2 N 2 are similarly inconclusive. Both phthalimide, IX, and 



succinimide, X, for (warnple, give as fheir only definitely identified 
products the N-methyl derivatives, XIand XII,respectively; 



^ F. Amdt and H. Scholz, Ann, 510, 62 (1934). 

Labruto, Gazz. chim. ital. 63, 266 (1933); C.A, 27, 3926 (1933). 
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whereas saccharin, XIII, gives both the N-methyl derivative, XIV, and 


/V 


c;o 

\ 


sc< 


NH 


xiir 


CO 

\ 


/ 

XIV 


NCH3 




OCH 3 




C 




N 


/ 

SO2 


XV 


the 0 -motliyl derivative, XV, in the ratio of about 4 to .1 Even if, as 
is commonly assumed, rearrangements do not occur in any of these 
reactions, th(^ formation of N-meth 5 dimides as the major or sole products 
does not prove that the unsubstituted imides are largely or exclusively 
in their la(;tam forms. The evidence cited does not, in fact, rule out 
the possibility that the lactam forms arc only minor components, which, 
however, react with the diazomcthane much faster than the predominant 
lactim forms do. The largely ketonic acetoacetic ester, XVI, for exam- 

CH 3 —CO—CH 2 —CO 2 C 2 H 5 CH 3 —c(ocii3)=CH~co2C2n5 

XVI XVII 


pie, gives the enolic ether, XVII, when similarly treated with diazo- 
inethanc. (Cf. page 584.) Still a different chemical approach to the 
problem of the tautomerism in the amides is based upon the fact that 
compounds with carbon-nitrogen double bonds are oxidized by per- 
benzoic acid Cells— CO3H, with fairly complete disruption of the 
molecules into fragments Avhich in most instances have been incompletely 
characterized.^^ Urea, XVIII, oxamide, XIX, hippuric acid, XX, and 

CO—NII 2 

HaN—CO—NH 2 CO—NII 2 C 0 H 5 —CO—NH—CH 2 —CO 2 H 

XVIII XIX XX 

glycine anhydride (diketopiperazine), XXI, are not oxidized by this 


CII2—NH 

o=c^ ^c=o 

\ / 

NH—CH 2 

XXI 


M. M. Botwinnik and N. J. Gawrilow, J, prakL Chem. [2] 148, 170 (1037). 
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reagent, whereas the 0,0'-dibenzyl derivative, XXII, of the last-named 

CH2—N 

/ \ 

Cells—CH2—O—C C—O—CH2—Cells 

\ / 

N—CII2 

XXII 


compound is oxidized; it appears, therefore, that the amides, XVIII- 
XXI, contain little, if any, of the lactim forms, whereas the dibenzyl 
derivative, XXTI, is of course necessarily a pure lactim. On the other 
hand, the NH2 and NH groups of primary and secondary amines are 
oxidized, even though those of the amides are not. Clearly, the rciictions 
of perbenzoic acid with these various types of compound are not at 
present well enough understood to permit the drawing of trustworthy 
conclusions. 

The physical, as well as the chemical, properties of amides have been 
used in the study of the lactam-lactim tautomerism. The most signifi¬ 
cant of these properties is perhaps the ultraviolet absorption spectrum. 
Hantzsch,25 for example, has found that the spectrum of benzamide, V or 
VI (in alcohol), is very similar to that of the imino ether, XXIII, but 


o-C2n5 

/ 

Cells—C 

NH 

XXIII 


Cells—C 




0 


N(CH3)2 


XXIV 


rather different from that of N,N-dimethylbenzamide, XXIV. Since 
the structures of the derivatives XXIII and XXIV are hardly open to 
question, the natural inference is that benzamide exists largely in the 
lactim form, VI. Analogous results were obtained, and a similar conclu¬ 
sion was drawn, from a spectroscopic comparison of trichloroacetamide, 
XXV or XXVI (in either chloroform or aqueous methyl alcohol), with 


CCI3—C 


/ 


O 


\ 


NH, 


XXV 


OH 

/ 

CCI3—C 

\ 

NH 

XXVI 


0 —CH3 

/ 

CCI3—C 

\ 

NH 

XXVII 


the related imino ether, XXVII, and piperidide, XXVIII.®® If this 

*A. Hantcsch, 5er. 64, 661 (1931). Cf. also Ramart, Naik, and Trivedi, BvH. soc, 
chim [6] 1, 625 (1934); Ramart-Lucas, ibid. [5] 8, 723 (1636). 
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O 

/ 

CCI3—C CHs—CHa 

\ / \ 

N CII2 

\ / 
CHa—Cri2 
xxvrii 
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spectroscopic evidence is accepted as both decisive and generally valid, 
then the common view that the amides of carboxylic acids have pre¬ 
dominantly the lactam structures must be discarded, and the opposite 
view that these compounds arc instead lactims must be adopted in its 
place. On the other hand, Richards and Thompson have interpreted 
the infrared spectra of the amides as supporting the lactam structures 
with extensive association due to hydrogen bonding. The most that 
can safely be said at the present time, therefore, is that, although both 
the lactam and the lactim foims of amides probably exist, the positions 
of the equilibria are not known with certainty. 

Lactam-lactim tautomerisni is of considerable historical interest, since isatin is 
stated t-o have been the first exampk.‘ of a tautomeric compound to be rcjcognized 
(explicitly as su(;h. iiaeyer,^ in his classical work on the stnicture and synthesis of 
indigo, observe^d that this ccmipound appeai‘8 to liave both of the structures XXIX 
and XXX, and he suggested that it is really a mixture of the two substances. 


/V 


c=o 


NH 

XXIX 




XXX 


C—OH 


Various analogs of the amides exhibit completely analogous types of 
tautomerism. Benzhydroxamic acid, for example, gives rise not only to 
derivatives like XXXI, in which the substituent is joined to the oxygen 


O— CH3 

/ 

Cells—C 

\ 

N—OH 

XXXI 


0 

/ 

CeHs-C 

\ 

NCCeHs)—OH 

XXXII 


R. E. Richards and H. W, Thompson, /. Chem, Soc, 1947, 1248. 

Baeyer and S. Oekonomides, Ber. 16, 2093 (1882). Cf. also A. Baeyer, ibid, 33, 
Sonderheft LI (1900). 
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atom of the carbonyl group, but also to derivatives like XXXII, in which 
the substituent is joined to the nitrogen atom. The i)arent acid thus 
appears to have both of the structures XXXIII and XXXIV. This 


OH 

/ 

CeHs—C 

\ 

N—Oil 

XXXIII 


O 


Cells- 




NH—OH 

XXXIV 


compound, however, has never beem separated into the isomeric forms 
with the two structures indicated. The situations with the remaining 
hydroxamic acids arc entirely similar. Moreover, the tautomerism 
persists with some of the derivatives of the hydroxamic acids. Thus, 
only a single compound is known corresponding to the two striKitures 
XXXV and XXXVI. On the other hand, replacement of the tauto- 


OII 

/ 

CePIfl—C 

\ 

N—OCH3 

XXXV 


O 


Cellr- 




Nil—OCH 3 

XXXVI 


meric hydrogen atom can lead to a pair of separable, and not easily 
interconvertible isomers, as, for example, the two derivatives XXXVII 


CeHs—C 


/ 


O—CH3 


\ 


Cells—C 


z 


o 


N—O—CO- 

XXXVII 


-CeHs 


N(CIl3)—0—CO—Cells 

XXXVIII 


and XXXVIII of benzhydroxamic acid. In no instance in which 
tautomerism occurs in either a hydroxamic acid or a derivative of one, 
is the position of the presumed equilibrium known. 

Although all the compounds of stmcturcs XXXI-XXXVIll are commonly referred 
to as hydroxamic acids, or as derivatives of hydroxamic acids, the word “hydrox¬ 
amic’^ applies strictly only to those which contain carbonyl groups (i.t^., the even- 
numbered structures). The remaining structures (i.e., the odd-numbered ones) 
should instead be described by the word “hydroximic.” 

The amidineSy like the hydroxamic acids, are tautomeric compounds 
analogous to the amides, and describable by the general structures I and 

X=:Y—Z X—Y=Z 


H 


H 


II 
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II. Thus, only one N-methylbenzamidine is known, even though the 
two nonequivalent structures XXXIX and XL can be written. Simi- 


NH 

NH 2 


/ 

CcHg—C 

CsHs-C 

\ 

\ 

NHCH 3 

NCH 3 

XXXIX 

XL 

larly, only one N-phenyl-N'-p-tolylbenzamidine is known, even though 
again two structures, XLI and XLII, can be written. On the other 

NCfiH,, 

Nil— CgHs 

/ 

/ 

Cells—C 

Cells— 

\ 

\ 

Nil—C 6 H 4 —CH 3 -P 

N—C 6 II 4 —CH 3 -P 

XU 

XLII 

hand, N,N-diphcnylbenzamidine, 

XLIII, and N,N'-diphenylbenz- 

NH 

NH—Cells 


/ 

C 0 H 5 — C 

Cells—c; 

\ 

\ 

NCCeHs)^ 

N—CeHs 

XLiir 

XLIV 

amidine, XLIV, are distinct substances since they differ in the position 

of a phenyl group, and not merely 

in that of a hydrogen atom. The 

guanidines may be (;onsidered to form a special class of amidines. As 
might therefore have been antiedpated, only a single methylguanidine 
corresponds to the tw’o structures XLV and XLVI, although two differ- 

N—CH 3 

NH—CH 3 

j| 

H 2 N—C—NH 2 

1 

H 2 N—C=NH 

XLV 

XLVI 

ent dimethylguanidines with structures XLVII and XLVIII are kno^vn. 

NH 

NCH 3 

II 

H 2 N—C—NH—CH 3 

XLVIII 

H 2 N—C—N(CH 3)2 

XLVII 


Primary and secondary niiroso compounds exhibit a somewhat different 
type of tautomerism, which is, however, still a prototropy that can be 
represented by the general structures I and II. The most usual situation 
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can be illustrated with nitrosoethane, XLIX, and 2 -nitrosopropane, L; 


CHs—CH2—N =0 

XLIX 


(CH3)2CH—N =0 

L 


these substances have never been isolated, since all attempts to obtain 
them have led instead to the respective isomeric isoniiroso compounds, 
acetaldoxime, LI, and acetone oxime, Lll. (Cf., however, the following 


CH3—C 11 =N—OH 

TJ 


(CH3)2C=N—OH 

LII 


paragraph.) Only a few exceptional sec.ondary nitroso compounds are 
stable enough to be isolated; three typical examples are given by 1- 
chloro-l-nitrosoethane, LIII, ethyl a-nitrosopropionate, LIV, and 


CH3— CHCn—NO 
LIII 


CH3—CH(NO)—CO2C2H5 

LIV 


2-chloro-3-nitroso-2-methylbutaiie, LV. Each of these compounds can 

(0113)2001—CII (NO)—OH3 
LV 

easily be transformed either into its dimeric form or into the correspond¬ 
ing more stable isonitroso form. No oxime (isonitroso compound) has 
ever been observed, however, to undergo the reverse transformation 
into a primary or secondary nitroso compound or into the dimer of such a 
compound. Although the equilibria are always greatly in favor of the 
oxime forms, their exact positions are unknown. Tertiary nitroso 
compounds, such as nitrosobenzene, LVI, or 2 -methyl- 2 -nitrosopropane, 

Cells—NO (CH3)3C—NO 

LVI LVII 

LVII, on the other hand, cannot exhibit such tautomerism; they are 
accordingly stable substances that can'be isolated. (The closely related 
tautomerism of the primary and secondary nitro compounds wiU be 
discussed in the following section.) 

Evidence for the existence of the primary nitroso compound, nitrosomethane 
CH3— NO has recently been obtained.*® The photochemical decomposition of terU 
butyl nitrite (CH3)3C— ONO gives acetone and, among other products, a colorless 
solid with a composition and molecular weight corresponding to the dimeric formula 
(CII3—N0)2. Wlien this substance is melted or vaporized, or when its solution is 
heated, a green color is produced. The green material, which is possibly nitroso- 
methane CH3— NO, returns to the original colorless solid if it is immediately cooled, 
but it is transformed by prolonged heating into trimcric formaldoxime (H2C=NOH)3. 

C. S. Coo and T. F. Doumani, J. Am, Ch&n, 80 c, 70, 1516 (1948). 
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Diazoamino compounds contain a tautomeric system that again is 
expressible in terms of the general structures I and II. Thus, the same 
product results from the action of p-toluenediazonium nitrate upon ani¬ 
line as from that of benzenediazonium nitrate upon p-toluidine. From 
its first method of preparation, the compound appears to have structure 
IjVIII, whereas, from its second method of preparation, it appears to 

p-Cri3—C6ll4—N=N—NH—Cells 

T.VIII 

have the isomeric striKdaire LIX. Its reactions also are those expected 
P-CII3—C6H4—NH—N==N—CeHs 

LIX 

of both structures. Reduction Avith acid stannous chloride, for example, 
leads not only to aniliiK^ and 7>-tolylhydrazine, LX, but also to p-toluidine 

p-CIIa— C6H4—NH--Nn2 CeHe—NH—NH2 

LX LXI 

and phonyIhydrazine, LXI. Moreover, hydrolysis with dilute sulfuric 
acid gives p-cresol, aniline, phenol, and p-toluidine. On the other hand, 
when the compound is Avarmed Avith a mixture of dimethylaniline and 
its hydrochloride, it behaves as if it has only structure LVIII, since the 
products obtained are aniline and 7)-dimethylamino-p'-methylazo- 
benzene, LXII. Such a reaction is not, hoAV’-ever, a conclusive proof of 

P-(CII3)2N—C6H4—N=N—C6II4—CII3-P 

LXII 

structure; the identities of the products formed from a tautomeric 
compound are determined by the relative rates of the various possible 
reactions, as Avell as by the composition of the tautomeric mixture. All 
other diazoamino compounds, to the extent that they have been studied, 
are analogous to the one just discussed. With none of these compounds 
is anything knoAAm definitely about the position of the equilibrium. 

The rearrangements of compounds A\fith isolated double bonds to ones 
with conjugated double bonds, or vice versa, have been discussed in a 
previous chapter. (See pages 540 ff.) Reactions of this type might 
be described as tautomeric changes betAveen structures that are related 
to each other in the manner shoAATi by the general symbols I and 11. 
There seems, however, to be no advantage in adopting suc^h a terminol¬ 
ogy; the transformations in question are usually so sIoav that they are 
most conveniently regarded as molecular rearrangements, and not as 
tautomerizations. 
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Several types of prototropy are known, in which the relationships 
between the pairs of tautomeric structures are similar to, but somewhat 
more complicated than, the one between structures I and IT. Thus, the 
two structures JjXIII and LXIV correspond to the same compound. 


HC C CHa 

HC CH 

il II 

II II 

HC N 

dig—C N 

\ / 

\ / 

NH 

NH 

LXIII 

LXIV 

The tautomerism of this mcthylpyrazole is undoubtedly due, not to a 

mobility of the methyl group, but 

rather to the mobility of the hydrogen 

atom that is joined to one nitrogen atom in the first structure but to the 

other nitrogen atom in the second structure. If this hydrogen atom is 

replaced by a heavier substituent, 

as in the compounds I^XV and LXVI, 

HC-C—dig 

HC- CII 

II II 

11 II 

HC N 

CHg—C N 

\ / 

\ / 

N 

N 

1 

CeHs 

1 

CoHs 

LXV 

LXVI 

the expected pair of isomeric substances exists. Similarly, the two fur¬ 

ther structures LXVII and LXVIII, with a different type of heterocyclic 

HC N 

CHg—C-N 

II 11 

II il 

CHg—C CII 

HC CH 

\ / 

\ / 

NH 

NH 

LXVII 

Lxviir 


ring, represent a single compound. As before, the tautomerism of this 
methylimidazole (or methylglyoxaline) is also doubtless due to the mobility 
of a hydrogen atom rather than to that of a methyl group. 

Both the pyrazolc and the imidazole rings contain the groupings I and II. The 
tautomerism of a pyrazole differs from any of the simpler types considered previously, 
since here the tautomeric change requires the migration of two double bonds, and 
not merely the migration of one such bond. The tautomerism of an imidazole, on 
the other hand, is indistinguishable from that of an amidine; in fact, an imidazole 
is merely a special type of amidine. 

The product that is obtained by the action of nitrous acid upon 
phenol is identical with the one that is obtained by the action of hydrox- 
ylamine upon p-benzoquinone. (See Section 14*1.) Tautomerism 



627 


Sec. 14-9 Some Further Types of Protolropy 

therefore exists between p-nitrosophenql, LXIX, and p-benzoquihone 

0 


OH li 



NOH 


LXIX LXX 

monoxime, liXX. This further type of protropy, like that of the cyclic 
(compounds of the two preceding paragraphs, can be thought of as an 
extension of the more restricted type described by structures I and II. 
The chemical properties of the compound do not permit a decision 
between stru(;tures LXIX and LXX. Since, however, the ultraviolet 
absorption spectrum resembles that of the 0-methyl ether, LXXI, of 



LXXI LXXII LXXIII 


the oxime rather than that of p-nitrosoanisole, LXXII,^® the compound 
may be assumed to have predominantly the quinone monoxime struc¬ 
ture, LXX. The extent to which the quinone monoxime structures are 
correct also for the remaining tautomeric compounds of this class is not 
known. Very rarely, the two tautomeric forms have been reported to 
be isolable in the solid state. For example, the compound resulting 
from the action of nitrous acid on resorcinol monoethyl ether, LXXIII, 
can be obtained in two easily interconvertible crystalline modifications; 
one of these may have the nitroso structure, LXXIV, whereas the other 


O 



LXXIV LXXV 


may have the oxime structure, LXXV. 

*• L, C, Anderson and M, B. Geiger^ J, Am, Chem. 8oc, S4, 3064 (1932); L. C. Anderson 
and R. L. Yanke, ibid, 66 , 732 (1934). 
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The tautomerism between the o- and p^-hydroxyazo compounds^ on the 
one hand, and the quinone monophenylhydrazoncs, on the other, is 
analogous to that between the nitrosophenols and the quinone monox¬ 
imes. Thus, only a single kno^vn compound corresponds to the two 
structures LXXVI and LXXVII; similarly, only a single known com- 


OH 


O 


^=N—Cells 




CeHs 

\/V 


LXXVI 


LXXVII 


pound corresponds to the two further structures LXXVIII and LXXIX. 


OH 



N==N—Cells' 

I.XXVIII 


O 



vV 


N—NH—Cells 


LXXIX 


In the ortho series, the compounds are usually considered to be the 
quinone monophenylhydrazones (e.g., LXXVII), since they do not dis¬ 
solve in an aqueous base, as the hydroxyazo compounds (e.g., LXXVI) 
would be expected to do. In the para series, on the other hand, the 
compounds are usually considered to be the hydroxyazo compounds 
(e.g., LXXVIII), since they do dissolve in an aqueous base. 

In the ortho compound, a hydrogen bond undoubtedly exists between the nitrogen 
and oxygen atoms. (Cf. Section 2 - 6 .) The hydroxyazo and the quinone mono- 
phenylhydrazone structures should therefore be written as LXXX and LXXXI, 




LXXX 


LXXXI 


respectively, rather than as IXXVI and LXXVII respectively. Inasmuch as the 
position of the proton between the nitrogen and oxygen atoms is presumably not 
the same in structure LXXX as in structure LXXXI, resonance between the two 
structures presumably does not occur. (See Section 10 * 7 .) Since, however, only a 
very slight change in the position of the proton is sufficient to transform either struc¬ 
ture into the other, the tautomerism may be expected to be exceptionally mobile. 
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In some classes of prototropy which are now recognized, the relation 
between the tautomeric structures cannot be expressed either by the 
general symbols I and II or by any logical extension of them. Hydrogen 
cyanide, for example, appears to have both of the structures LXXXII 

H—C=N H—N=C R—C=N R—N=C 

LXXXII LXXXIII LXXXIV LXXXV 

and LXXXIII, since it gives rise not only to the normal cyanides 
(nitriles) with structure LXXXIV, but also to the isocyanides (iso¬ 
nitriles) with structure LXXXV. (The valence state of the carbon atom 
in the isocyanides LXXXIII and LXXXV will be discussed later. See 
the paragraph in fine print at the end of Section 15*2.) The tautomcrism 
of the oximes between structures LXXXVI and LXXXVII is also not 

R^C-N—OH R2C=N+II—0~ 

LXXXVI LXXXVII 

describable by the symbols I and II; since this type of prototropy has 
already been discussed, it need not be mentioned further here. (See 
Section 8 *3.) Finally, the ring-chain tautomerism of hydroxy aldehydes 
and hydroxy ketones, which may be regarded as a further type of 
prototropy, will be discussed later in Section 14-13. 

14*10 Nitro-aci-nitro Tautomerism. A primary or secondary 
nitro compound is always weaklj^ acidic; hence it can be transformed 
into a salt by the action of a strong base. The neutralization is, however, 
a slow reaction, the rate of which can be measured in the following 
way.^° The conductivity of an aqueous solution of, for example, nitro- 
methane, I, is extremely small, since the compound is only slightly 

CHg—NO 2 Ba++[CH2=N02]~2 

I II 

ionized. If barium hydroxide is added to such a solution, the conductiv¬ 
ity rises immediately to the value which would have been observed if 
the nitro compound had not been present; as the slow neutralization 
reaction takes place, however, the conductivity decreases gradually 
until, after about 15 minutes at 0°C, it reaches the lower value that is 
characteristic of the salt II. Moreover, the regeneration of the nitro 
compound from the salt is also a slow reaction; when an equivalent 
quantity of hydrogen chloride is added to the solution of the salt, the 
conductivity is initially high, but it decreases within about 15 minutes 
at O^C to the conductivity which is due merely to the barium chloride 
present. 

* A. Hontzsch, Ber. 32, 575 (1899); A. Hantzsch and A. Veit, ibid. 32, 607 (1899). 
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Another significant feature of the reaction between the salt and the 
strong acid is that the solution is weakly acidic immediately after the 
addition of the exactly equivalent amount of hydrogen chloride. The 
solution becomes essentially neutral, of course, when the regeneration 
of the nitro compound is complete. It may be inferred, therefore, that 
the nitro compound can exist in two distinct forms. One of these forms, 
which is called the nitro (or normal) form, is the more stable but less 
acidic of the two; the other, which is called the aci (or iso) form, is the 
less stable but more acidic of the two. In the aqueous solution of nitro- 
methane, the compound is largely in the relatively nonacidic nitro form 
when the salt is treated with hydrogen chloride, the relatively (but still 
only weakly) acidic aci form is rapidly produced, but it then slowly 
rearranges to the more stable normal form. The equilibrium thus 
assumed can be compactly expressed by equation 14*10, in which the 

alow 

nitro form ^ ^ aci form 

6 iow^^^ (14*10) 

H''* -f anion 

pairs of reverse arrows imply merely the existence of the equilibria 
indicated, and do not necessarily describe the paths by which the various 
compounds arc transformed into, or derived from, one another. 

Obviously, equation 14*10 is identical in form with the one applying to the equi¬ 
librium of a keto and an enol form with each other and with the corresponding anion. 
The most significant difference is that ordinarily, in the keto-enol system, all the 
equilibria are rapidly established. (Cf., however, pages 593 ff.) 


The nitro foim of any primary or secondary nitro compound 
RR'CH—^N02 is now generally considered to be a reisonance hybrid 
receiving equal contributions from the two equivalent structures III 


0 


RR'CH—N+ 


/ 


O' 


RR'CH—N+ 


0 - 


/ 


RR'C=N+ 


/ 


OH 


O 


\ 


o- 


III 


IV 


and IV; the aci form is considered to have structure V; and the anion 
is considered to have structure VI (possibly somewhat modified by 


0 ~ 


RR'0-N+ 


/ 


RR'C-—N+ 




O 


o- 


\ 


O" 


\ 


RR'C-—N+‘ 


/ 


o- 




0 


VI 


VII 


VIII 
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resonance with the two doubtless less stable, and hence less important, 
structures VII and VIII). It is important that, although there are two 
un-ionized forms of the nitro compound, there is only one anion, and 
hence only one salt. 

The tautomerism between the nitro and aci forms is closely analogous 
to all the various types of prototropy which can be described by the 
general symbols I and II of page 617, and which have been discussed in 
the preceding sections. A tertiary nitro compound, such as 2-nitro-2- 
methylpropane, IX, or nitrobenzene, X, has no hydrogen atom that is 

(CH3)3C-N02 CeHs—NO 2 

IX X 

alpha to the nitro group in the nitro form; such a compound can there¬ 
fore have no aci form. The obsc^rved restriction of nitro-aci-nitro 
tautomerism to primary and secondary nitro comjjounds is thus ex¬ 
plained. 

Structures V of the aci form and VI of the anion were in considerable doubt for a 
number of years. In 1927, Kuhn and Albrechtreported that optically activ(j 
2 -nitrobutane, XI, can be transformed into its sodium salt, and then regenerated, 

CHa—CII(N02)~-C2H5 CII 3 —CH(N02)-n-C6Hi3 

XI XII 

without complete racemization; somewdiat later, Shriner and Young ^2 reported that 
the analogous 2-nitrooctane, XII, behaves similarly. Structures XIII and XIV 

CHa on CHa OH 



for the two aci forms, and the further structures XV and XVI for the two iK^gative 
ions, therefore, appear to be definitely excluded. These structures, in fact, cannot 
correspond to dissymmetric configurations; consequently, if they are correct, the 
regenerated nitro compounds must bo racemic. In spit/C of the numerous attempts 
which were made to devise different structures not suffering from this apparent 
defect,®® the observed retention of optical activity remained an unsolved mystery 


®i R. Kuhn and H. Albrecht, Bcr. 60, 1297 (1927). 

®2 R. L. Shriner and J. H. Young, J. Am. Chem. Soc. 62, 3332 (1930). 

®® Cf. R. L. Shriner, R. Adams, and C. S. Marvel in H. Gilman, Organic Chemistry, John 
Wiley and Sons, New York, 1st ed., 1938, Volume I, pages 308 ff., 2nd ed., 1943, Volume 
I, pages 388 ff. 
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until comparatively recently. In 1947 and 1948, however, Kornblum and his co¬ 
workers ^ showed that, in each instance, the appai (mt incompleteness of racemiza- 
tion is due both to an incompleteness of the neutralization, and also to the presence 
of optically active impurities in the sample of nitro compound used. The complete 
neutralization of the pure nitro compound leads always to complete racemization. 
There is, therefore, no longer any reason to doubt that structures V, VI, XIII-XVI 
are correct. 

The belief that every primary or secondary nitro compound is a 
tautomeric mixture of a nitro and an aci form has been confirmed by 
several sorts of independent (and more direct) evidence. Thus, although 
ordinary phenylnitromethane is almost entirely in the nitro form, XVll, 

C6ll6"”CH2—NO 2 CgHs—CII=N02TI 

XVII XVIII 

the aci form, XVIII, can be obtained by careful treatment of the sodium 
salt with hydrogen chloride. Several other nitro compounds have like¬ 
wise been prepared both in the ordinary (i.e., largely nitro) form and 
also in the aci form. In every instance, the aci form is unstable and 
reverts more or less rapidly to the ordinary mixture. 

The aci and nitro forms may be distinguished from one another by 
the fact that the aci, but not the nitro, forms give characteristic colors 
with ferric chloride and rapidly absorb bromine. In both these respects, 
the relation between the aci and the nitro forms is similar to that be¬ 
tween enol and keto forms. The reaction with bromine has, in fact, been 
used for the measurement of the positions of the equilibria in several 
nitro compounds, just as it has been used in the study of many keto-enol 
systems. (See pages 587 f.) 2^Nitrophenylnitromethane, XIX and 

P-O2N—C 6 ri 4 —CII2—NO2 P-O2N—C6II4—CH=N02H 

XIX XX 

XX, for example, has in this way been found to contain 0.18 per cent 
of the aci form, XX, in ethyl alcohol, and 0.79 per cent in dilute aqueous 
methyl alcohol. 

The direction in which the proportion of aci form varies with the 
solvent shows that the relative solubility of the aci form is greater in 
the partly aqueous solvent than it is in the less polar one. (See Section 
14*6.) This conclusion is entirely reasonable, since the aci form, XX, 
contains a hydroxyl group, whereas the nitro form, XIX, does not. 

In pyridine, p-nitrophenylnitromcthane is reported to contain 16 per cent of the 
aci form, XX. This extreme variation in the equilibrium may be due to an extreme 
variation in the relative solubilities of the two forms. On the other hand, it may 

N. Kornblum, N. N. Lichtin, J. T. Patton, and D. C. Iffland, J, Am. Chem, Soc. 69, 
307 (1947); N. Kornblum, J. T. Patton, and J. B. Nordmann, ibid, 70, 746 (1948). 
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instead be only apparent; for, since pyridine is basic, a nitro compound dissolved in 
this solvent may be partly in the anionic form which, like the aci form, absorbs 
bromine. (Cf. page 609.) 

c«)-Nitroacetophenone, XXI and XXIT, contains 10.3 per cent of the 
CeHfi—CO—CH2—NO2 CeHs—CO—CH=N02H 

XXI XXII 

aci form, XXII, in toluene, but only 2.7 per cent in 67 per cent aqueous 
methyl alcohol. With this compound, the shift of the equilibrium away 
from the aci form in the more polar solvent shows that the relative 
solubility of the aci form is less in the aqueous alcohol than it is in 
toluene. The acu form may therefore be assumed not to contain a free 
hydroxyl group, as in structure XXII, but instead to have structure 
XXIII Avith an intramolecular hydrogen bond. Another possibility, 

0-lI-~0 0—H-O- 

il L I 1 4 . 

Cells—C—CH=N+—0- C0H5—C=CH—N+==0 

XXIII XXIV 

however, is that the substaiK^c is a resonance hybrid of the two enoUc 
structures, XXIV and XXV; if this resonating structure is correct, the 

0-H--0 

I 

Celle—C=CII—N+—0" 

XXV 

substance should be called an enol instead of an aci-nitro compound. 
The chemical properties of the compound do not permit a decision 
between the two possibilities. The action of diazomethane CH2N2,*® 
for example, leads to both the nitronic ester, XXVI, and the enolic 

O—CH3 

y 

CoHs—CO—CII=N+ O—CH3 

\ I 

0“ Cells—C=CH—N02 

XXVI XXVII 

ether, XXVII; these two products are formed in a ratio of approximately 
2:1. Perhaps the two forms are in tautomeric equilibrium with each 
other, as well as with the nitro-keto form, XXI. Resonance among all 
three structures XXIII, XXIV, and XXV is presumably impossible 
since the first of these structures probably differs from the other two 
in the position of the proton in the hydrogen bond. 

® F. Arndt and J. D. Rose, J, Chem, 80 c, 1986, 1. 
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With most simple nitro compounds, the proportions of aci form that 
are present at equilibrium are too small to be measured by the method 
based upon the absorption of bromine. For the study of such com¬ 
pounds, however, an entirely different method has been devised.®^ The 
equilibrium constants for the various equilibria in ecpiation 14*10 
(which is here repeated for ease of reference) are given in equations 
14*11-14*13, in which the expressions in parentheses represent the 


alow ^ 

nitro form ___ aci form 



(14-10) 

11 '*' + anion 


_ (aci form) 

* (nitro form) 

(14-11) 

r- (11’*') (anion) 

(nitro form) 

(14-12) 

j. (11“*“) (anion) 

“ (aci form) 

(14-13) 

activities of the appropriate substaiu^es or ions. 

The quantity A, may 


be called the isomerization constant; the further quantities Kn and Kac 
may be called the true ionization constants of, respectively, the nitro and 
aci forms. These three constants are not independent of one another, 
since the second is the product of the other two (equation 14*14). If 

A'„ = A',A'„, (14-14) 


the tautomerism of the nitro compound is ignored in any determination 
of the acid strength of the compound, an apparent ionization constant 
Kapp (equation 14*15) will be obtained. Now, if the nitro compound 




app 


(H"^) (anion) 

(nitro form) •+■ (aci form) 


(H"^) (anion) 

(nitro form)(l + Ki) 

1 + Xi 1 + Xi 


(14*1^) 


is largely in the nitro form, the isomerization constant Ki is very small 
compared to unity; hence the apparent ionization constant Kapp is 
equal, within less than the experimental error, to the true ionization 
constant Kn of the nitro form. Therefore, since Kn can thus be measured 

^D. Turnbull and S. H. Maron, J. Am, Chem, Soc, 65, 212 (1943). 
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experimentally, the isomerization constant Ki can be calculated from 
equation 14-14 if the true ionization constant Kac of the aci form is 
known. This last constant also can be measured experimentally. Each 
of the equilibria involving the nitro form (equation 14*10) is established 
fairly slowly, whereas the one between the aci form and its ions is 
established very rapidly; consequently, if the salt of the nitro compound 
is treated with a strong acid, the true ionization constant Kac of the 
immediately liberated aci form can be determined before an appreciable 
amount of the nitro form has been produced. In this way, the data of 
Table 14-9 have been obtained. 

TABLE 14-9 

Egi^iuBitiUM Constants in Some Simple Nitro Compounds" 

Compound Kapp — Kn A'ac Ki 

Nitromethano ^ O.l X 10“^^ 5.6 X lO’"* 1.1 X 

Nitropthaiio 3.5 X 3.9 X 8.9 X 10“^‘ 

2-Nitropropaiie 2.1 X 10~» 7.7 X 10“‘‘ 2.75 X lO”^ 

“ The data in this table ai i? for a dilute a<iuoous solution at 25°C. They are taken from 
D. Turnbull and S. II. Maron, ./. Am. Chcfn. Soc. 66, 212 (1943). Cf. also G. W. Wheland 
and J, Farr, ibid. 65, 1433 (1943). 

* The value of Kac for nitroiuethane was estimated by I'ui nbull and Maron (refereneo 
a) from data of It. Junell, Dissertation, Upsala, Sweden, 1935. The value of Kf for this 
compound was obtained by a combination of this estimated Kac with the measured value 
of Kapp- 

The interpretation of the eciuilibria of equation 14*10 was obscured for some time 
by an errontH)us theory, which was proposed by Hantzsch in order to explain some 
(erroneous data. Thus, Hantzsch and Barth reported that, although an aqueous 
solution of nitrometliane, I, is not at all acidic and has no measurable conductivity, 

CH 3 —NO 2 Na+[CH 2 =N 02 ]- 

I XXVIII 

a solution of its sodium salt, XXVIII, is so little hydrolyzed that it appears to be 
derived from a moderately strong acid. The suggestion was accordingly made that 
the ionization of the nitro compound, dissolved in pure water, is determined by the 
very small constant Kn, whereas the hydrolysis of the salt is determined instead by 
the much larger constant Kac- The nitro form was thus regarded as not a true acid, 
but rather as a pseudo acid; and the aci form was regarded as the true acid, from 
which the salt is derived. In support of this theory of pseudo acidity, Hantzsch 
and Barth prescuited data for many additional compounds, each of which, hke nitro- 
methane, was reported to be, itself, relatively nonacidic but to form relatively un¬ 
hydrolyzed salts. Somewhat later, however, Kauffmaim“ pointed out that the 

A. Hantzsch and A. Barth, Ber. 35, 210 (1902). 

“ H. Kauffmann, Z- phydk, Chem, 47, 618 Q904); Ber, 37, 2468 (1904), See also J. v. 
Zadwidzki. iUd. 37, 2298 (1904). 
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theory is contrary to the law of mass action; and that, if the measurements are made 
under the conditions of complete equilibrium, the ionization constant obtained either 
from the conductivity of the solution or from the hydrolysis of the salt must be the 
apparent constant Kapp. I^ey and Ilantzsch them re-examined nitromethane and 
found that, contrary to the previous conclusion, but as required by the correct 
theory, the ionization constants measured by the two mc'thods arc identical (within 
experimental error), and equal to about 10“'^ (Cf. Table 14*9.) 

The distinction between a ^‘pseudo acid,'’ like the nitro form of a nitro compound, 
and a “true acid,” like the aci form, is therefore not as fundamental as was orig¬ 
inally supposed; both forms, in fact, must be regarded as true acids, since each is in 
equilibrium with hydrogen ion plus an anion. Probably the most important way in 
which the nitro form differs from an ordinary acid is that it is neutralized slowly by 
a base, and is regenerated slowly from its salt. For the description of these prop¬ 
erties, the expression “secondary acid,” suggested by Lewis,^® seems preferable to 
Hantzsch's expression “pseudo acid.” 

The nitro-aci-nitro tautomerism is closely related to the nitroso- 
isonitroso tautomerism considered in the preceding section, since the 
essential structural change in each can be expressed in general terms by 
equation 14-16. In spite of this resemblance, however, the equilibria 
are extremely different; the structure at the left of equation 14*16 is 

-CH—N=0 --C=N—O—H (14 * 16) 

I I 

always much the more stable one with a nitro compound, whereas it is 
always much the less stable one with a nitroso compound. One (and 
perhaps the most important) reason for this striking difference in proper¬ 
ties is that the nitro form of a nitro compound must be stabilized to a 
considerable extent by the resonance between the two equivalent struc¬ 
tures, XXIX and XXX, of the nitro group. The aci-nitro, nitroso, and 

-0—N+=0 0=N+—O'” 

I I 

XXIX XXX 

isonitroso compounds, on the other hand, cannot be stabilized in the 
same manner, since each is adequately described by a single struc¬ 
ture. 

14 • 11 Heterocyclic ‘‘Phenols. ’ ’ The tautomerism of a carbocyclic 
phenol is necessarily of the keto-enol type (cf. Section 14*4); that of an 
analogous heterocyclic compound may or may not belong instead to one 
of the other classes of prototropy discussed in Section 14*9. With 

* H. Ley and A. Hantzscih, Ber. 89 , 3149 (1906). 

« O. N. Lewis, J. FratMin /net. S86,293 (1938); O. N. Lewis and O. T. Seaborg, J. Am. 
Chan. Boo. 61 , 1886 (1939). 
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jS-hydroxypyridine, for example, the tautomeric structures include the 
enolic one, I (whicih implies resonance between the Kekiil6~like struc- 


IT2 



I II III IV V VI 


tures, II and III), and the three different ketonic ones, IV, V, and VI. 
With a-hydroxypyridine, however, lactam-lactim as well as keto-enol 
tautomerism is involved; the relation between structures VII and VIII 



H 

VII VIII IX X 


is that between a lactam and its lacjtim, but the relation between struc¬ 
ture VIII and either IX or X is that between an enol and its keto form. 
With 7 -hydroxypyridine, for which the corresponding structures are 
XI, XII, XIII, and XIV, the situation is analogous to the one just 


0 0 0 



XI XII XIII XIV 


described for the a-isomer. 

jS-Hydroxypyridine appears to be a true phenol with structure 1.^^'^^ 
In particular, it has acidic as well as basic properties, and it gives a 
color with ferric chloride. Moreover, the action of ethyl bromide upon 
its sodium salt leads to only the 0-ethyl ether, XV, and that of diazo- 

" Cf, N. V. Sidgwick, T, W. J. Taylor, and W. Baker, The Organic Chemidry of NUrogen^ 
Oxford UniveTBity Press, Oxford. 1937, pages 630 ff. 

" H. Speoker and H. Gawrosch, Ber. 76, 1338 (1942). 
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N 

XV 


/\)CH3 


N 

XVI 


methane upon the compound itself leads to only the 0-methyl ether, 
XVT. The phenolic structure has been supported also by studies of 
the molecular refraction and of th(; ultraviolet absorption spectrum 
of the parent compound. 

The structures of a- and y-hydroxypyridines are still not entirely 
clear.Each compound has acidic as well as basic; properties, and 
the 7 -compound gives a color \v\ih ferric chloride. The action of methyl 
iodide leads to the N-methyl derivatives, XVll and XVIII, but that 


f ^ 1 

1 







i 

\ / 

=() 

\ / 



()—CII3 



/\ 

N 


CH3 

XVII 


O 

!! 


N 

I 

CHa 

XVIII 


/\ 


N 


XIX 


O—CHa 


N 


XX 


of diazomethane leads instead to the 0-methyl derivatives, XIX and 
XX. The molecular refractions and the ultraviolet absorption spec¬ 
tra^® of the a- and y-hydroxypyridines are similar to those of the 
N-methyl derivatives, XVII and XVIII, but different from those of 
either the 0-methyl ethers, XIX and XX, or the phenolic jS-hydroxy- 
pyridine, I. Presumably, therefore, the parent compounds are not really 
hydroxypyridines, as in structures VIII and XII, but are instead a- and 
y-pyridones with structures VII and XI, respectively. These last 
structures, however, are themselves not entirely satisfactory, since 
neither the unsubstituted compounds nor their N-methyl derivatives, 
XVII and XVIII, have the properties of unsaturated ketones or of 
amines. Thus, they do not react with phenylhydrazine to form phenyl- 
hydrazones,^^ with Grignard reagents to form amino alcohols, or with 
alkyl halides to form quaternary ammonium salts. (Cf. page 431.) 
It seems most probable that the various compounds are resonance 

« K. V. Auwers, Ber. 63, 2111 (1930). 

** See, however, D. N. Bedekar, li, P. Kaushal, and S. S. Deshapando, J, Indian Chem. 
Soc. 12, 465 (1935). 
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hybrids of the pyridone structures, VII, XI, XVII, and XVIII, and the 
respective zwitterion structures, XXI-XXIV/® 


()- 


()-“ 



H H CH3 CH3 


XXI XXII xxin XXIV 

Any hydroxyqvinoline (such as the one witli structure XX V'), in which 



XXV XXVI 


the hydroxyl group is attached to a carbon atom of the benzene ring, is 
a true phenol, like the naphthol to which it is structurally related. Any 
other hydroxyquinoline, however, in which the hydroxyl group is at¬ 
tached to a carbon atom of the pyridine ring, is analogous to the corre¬ 
sponding hydroxypyridine. Thus, although jS-hydroxyquinoline, XXVI, 
appears to be a phenol like ^S-hydroxypyridine, the a-hydroxy compound, 
carbostyril, and the y-hydroxy compound, kynurin, appear instead to 
be resonance hybrids of the respective quinolone structures, XXVII and 


0 



H H H H 

XXVII XXVIII XXIX XXX 


XXVIII, and zwitterion structures, XXIX and XXX. 

Little is kno^vn, in general, regarding the tautomeric equilibria in the 
hydroxy derivatives of the remaining heterocyclic ring systems. Cya- 
nuric acid, for example, has some characteristics of the trilactam struc¬ 
ture, XXXI, and some of the trilactim structure, XXXII. Thus, this 


« Cf. F. Arndt and A. Kalischek. Ber, 63 , 587 (1930); F. Arndt, tbid. 63 . 2963 (1930). 
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substance leads to the derivatives XXXIII, XXXIV, and XXXV of 
definitely known structure. Since the chemical properties of the parent 
compound are indecisive, recourse has been had to such physical proper¬ 
ties as the ultraviolet absorption spectrum. On the whole, the evidence 
supports the most commonly held belief that the compound is largely, 
if not entirely, in the trilactam form, XXXI.^® Similarly, barbituric 
acid and uric acid are usually considered to have, respectively, the keto- 
lactam structures, XXXVI and XXXVII, rather than the enol-lactim 
structures, XXXVIII and XXXEX, 


NH 

o=c c=o 



xxxvin 


O 

II 

C NH 

in/ v\ 

0-i. A 


XXXVII 



^Cf. I. M, Klotz and T. Askounis, J, Am, Chem, Soc. 69, 801 (1947). 
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In the 'pyrrole series, ketoenol tautomerism occurs; according to 
Fischer and Orth,^’' however, the enolic form usually predominates, 
2-Methyl-3-carboethoxy-4‘-hydroxypyrrole, for example, seems to have 
structure XL, since it gives the well-known pine-splint test for a true 


HO—C-0—00202115 

II II 

H—C C—CHa 

\ / 

NH 

XL 


0 =C-C—CO 2 C 2 H 5 

I 11 

II,C C— CH 3 

\ / 

Nil 

XU 


pyrrole; moreover, it behaves aa a phtmol, since it gives a color with 
ferric chloride. The two further facts that it forms a salt with strong 
bases, and that it couples with diazonium compounds, are also in agree¬ 
ment with the hydroxypyrrolc structure, XL; both phenols and true 
pyrroles, in fact, ordinarily undergo both these types of reaction. On 
the other hand, the (compound acts also to some extent as if it has the 
isomeric structure XLT, since it is transformed by the action of nitrous 
acid into the oxime XLll (and into more complex products that are 

0=C-C—CO 3 C 2 H 6 

I II 

HON=C C—CII 3 

\ / 

Nil 

XLII 


apparently derived from this oxime). Most other monohydroxypyrroles 
(such as the one for which the enolic and ketonic structures are XLIII 


H—C-—C—CO 2 C 2 H 5 

II !i 

no— C C— CHg 

\ / 

NH 

XLIII 


H 2 C-C—CO 2 C 2 H 5 

I 11 

0 =C C—CII 3 

\ / 

NH 

XLIV 


and XLIV, respectively) are closely similar to the one just discussed. 
Succinimide, however, is considered to have structure XLV, and not 


H2C-CH2 

0=i 0=0 


\ / 


NH 


XLV 


HC-CH 

II II 

HO—C C—OH 

\ / 

NH 


XLVI 


H. Fisohor and H. Orth, Die Chemie dea Pyrrols, Akadeiiiischo Vcrlagsgesellschafti 
Leipzig, 1934, Volume I, pages 124 ff. 
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to be 2,5-dihydroxypyrrole, XLVI; similarly, oxindole is considered to 
have structure XLVII, and not to be 2-hydroxyindole, XLVIIL 

-CH. /V 


/C=0 


-CH 


Nil 

XLVll 




/C—OH 


NH 

XLVIII 


Extremely little is known about the hydroxythiophmes*^ Thiotenol 
(2-hydroxy-5-methylthiophene), XLIX, is the simplest compound of 


HC— 

—CH 

HC— 

—CH 

1! 

II 

j] 

li 

CHg—C 

C—OH 

CHg—C 

C—O—C^O—Cells 


S 

XLIX 




this class to have been studied.^® It reacts with benzoyl chloride to 
form the benzoate, L, but with benzaldehyde to form the condensation 
product, LI. Moreover, by the action of fe ric chloride, it is oxidized 

HC- C^CH-CaUs HC-C=--C-CH 


CH3—C 


\ 


-C=CH—CfiHs HO 

I I! 

C ==0 CHg—C 


s 


LI 


C==0 0=0 C—CHg 

\ / \ / 

S S 

LII 


to the substance LII, which may be regarded as the simplest known 
indigoid dye. The somewhat more complicated, but more thoroughly 
investigated, 2-hydroxythionaphthene (LIII and LIV) and 3-hydroxy- 

-C—H /V 


\/\/ 

S 

LIII 


C—OH 


-CH, 


S 

LIV 


thionaphthene (LV and LVI) likewise behave as tautomeric compounds. 

^-c—OH -C==0 


LV 


CH 


s 

LVI 


CHo 


Cf. W. Steinkopf,. Die Chemie dea Thiophena^ Theodor Steinkopff, Dresden and Leip- 
jsig, 1941, pages 62 fT. 

^ W. Steinkopf and F. Thormann, Ann. MO, 1 (1939). 
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With none of these hydroxythiophenes is anything known about the 
positions of the equilibria between the keto and enol forms. 

Until comparatively recently, no enol forms of hydroxy fur an8 were 
known, although the keto forms and the 0-acyl derivatives of several 
such compounds had been prepared. In 193(5, however, Kohler and his 
coworkers prepared 3-hydroxy-2,4,5-triphenylfuran, LVII, and 3- 


CeHs—C- 


-C—OH 


CeHs—C C—CeHs 

\ / 

0 

tvii 


II—C-C—OH 

II II 

Calls—C C—CeHs 

\ / 


O 


Lvni 


hydroxy-2,5-diphenylfuran, I^VIII. Each of these compounds absorbs 
bromine rapidly, gives a color with ferric chloride, and can be trans¬ 
formed more or less completely into the corresponding furanone, LIX 


CoHs—C-C=0 

il I 

Cells—C ClI—CeHs 

\ / 

O 

LIX 


II— C c=o 


Celle—C 


\ / 


CH—CeHs 


O 

LX 


or LX, respectively. 

14*12 Anionotropy. All the examples of tautomerism that have 
been considered up to this point belong to the type known as prototropy, 
since the several members of each set of tautomeric structures differ in 
the position of a proton, as well as in the arrangement of the valence 
bonds. (Cf. Section 14-1.) There exists, however, still a further, much 
less varied, kind of tautomerism, where the structures differ in the posi¬ 
tion of an atom or group that is able to form a stable anion; such tautom¬ 
erism is commonly referred to as aniouatropy. 

The most important examples of anionotropy are encountered among 
the allylic compounds like crotyl chloride, I, and methylvinylcarbinyl 

CH3—CH=CH—CHaCn CH3—CHCl—CH^CHa 

I II 

chloride, II. Either one of these substances gives the reactions of both, 
and either one can easily be converted into an equilibrium mixture of 
the two. Since, however, such transformations have already been 
discussed in a previous chapter (see Section 13-2), it will here be suffi¬ 
cient merely to call attention to the fact that these reactions of the 
allylic compounds are at the borderline between the isomeric changes 

»E. P. Kohler, F. H. Westheimer, and M. Tischler. 7. Am, Chem, Soc, 68 , 204 (1936); 
E. P. Kohler and D. W. Woodward, iHd. 58 , 1933 (1936). 
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which are most conveniently classified as molecular rearrangements, and 
the ones which are instead most conveniently classified as interconver¬ 
sions of tautomers. In practice, both methods of classification are 
commonly employed; the equilibrium between the unsaturated chlorides 
I and II, for example, may be described as illustrating either the allylic 
rearrangement or anionotropy. 

14*13 Ring-chain Tautomerism. In a formal sense, ring-chain 
tautomerism can be regarded as a special kind of prototropy or aniono¬ 
tropy, since the tautomeric structures always differ in the position either 
of a proton or of an anionic atom or group. The relation between a pair 
of ring-chain tautomers is, however, not very similar to that between 
any of the pairs of tautomers discussed previously; consequently, it is 
convenient to consider that this further variet}^ of tautomerism forms a 
distinct class. 

A typical example of ring-chain tautomerism (which is more closely 
related to prototropy than it is to anionotropy) is provided by the com¬ 
pound that appears to be both 7 -hydroxyvaleraldehyde, I, and 2 - 


H2 C-CH2 

CHa—CH inO 

I 

OH 
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HoC- 


-CH2 


CHa—CH CHOH 

\ / 

O 

n 


hydroxy-5-methyltetrahydrofuran, II. This compound, in fact, is trans¬ 
formed into the p-bromophenylhydrazone, III, by the action of p-bromo- 


H2C-CH2 

CHa—CH iH==N—NH 

OH C 6 H 4 —Br-p 

ni 
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phenylhydrazine; into the cyclic acetate, IV, by the action of acetic 
anhydride; and into the cyclic acetal, V, by the action of methyl alcoholic 


H 2 C- 


CHs—CH 

\ / 

0 

V 


CH 2 

i 


H—O-CHa 


hydrogen chloride. Moreover, the further compound which appears to 
be both tf-hydroxycaproaldehyde, VI, and 2-hydroxy-6-me^yItetrar 
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hydropyran, VII, behaves similarly. Such tautomerism is exhibited 
not only by hydroxyaldehydes, but also by many hydroxy ketones. 
Thus, the reaction of 5-hydroxy-2-hexanonc, VIII, with benzoyl 


H2C-CH2 

CH3— CH CO— CH3 
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chloride and sodium hydroxide leads to the c.vclic benzoate, IX; and 
that of 6-hydroxy-2-hexanone, X, with methyl alcohohc hydrogen 

CHs 
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chloride leads to the cyclic acetal, XI. Ring-chain tautomerism of this 
type is especially well known among the carbohydrates; glucose and 
fructose, for example, are largely (if not entirely) cyclic hemiacetals 
with structures XII and XIII, respectively. 


CHOH 


CHOH 


CHOH CHOH 
HO—CHa—in inoH 
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From a study of molecular refractions, v. Auwers ‘‘ has concluded 
that, with the two hydroxy aldehydes, I and VI, the equilibria are greatly 
» E. T. Auwers, Ber. 06, 1672 (1023). 
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in favor of the respective cyclic forms, II and VII; but that the hydroxy 
ketone, X, is acyclic. This difference between the aldehydes and ketones 
is not general, however, since fructose, XIII, as well as glucose, XII, is 
cyclic. As might have been expected (see Chapter 9), the tendency of a 
hydroxy aldehyde or hydroxy ketone to exhibit ring-chain tautomerism 
is greatest when the ring in the cyclic form contains either five or six 
atoms.(Cf. also equation 9*2 on page 374.) 

A different type of ring-chain tautomerism (which is more closely 
related to anionotropy than it is to prototropy) is that of the acid 
chlorides of dibasic acids. Phthaloyl chloride, for example, reacts as 
if it has both of the structures XIV and XV. Thus, when treated with 
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benzene and aluminum chloride, this compound gives not only anthra- 
quinone, XVI, but also diphenylphthalide, XVll; when treated with 
hydrazine, it gives the productXVIII; when treated with zinc^ and hydro- 
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chloric acid, it is reduced to phthalide, XIX; and so on. That the two 
tautomers actually exist has been proved by the isolation of each. The 
symmetrical form, XIV, is obtained by treatment of phthalic anhydride 
with phosphorus pentachloride.^ The unsymmetrical form, XV, which 
can be prepared by heating its isomer, XIV, with aluminum chloride, 
reverts partially to the symmetrical form when it is melted (at 87®~ 
89°C).®2 Succinyl chloride is similarly tautomeric, since its reactions 
require consideration of both the structures XX and XXI; this com¬ 
pound has not, however, been obtained in the two postulated forms. 

^ For several closely related examples of ring-chain tautomerism, see A. Kimnann and 
C. Pr6vost, BuU, aoc. chim. [4] 53, 253 (1933). 

^ Cf. E. Ott, H. Gilman, and F. J. Prochoska in A. H. Blatt, Organic SyntheaeCf John 
Wiley and Sons, New York, Collective Volume 2, 1943, page 528, 
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15 •! Types of Anomalous Valence. In an earlier chapter (sec 
page 91), it was stated that the structural theory of organic chemistry 
can be reconciled with the observed numbers of isomers only if certain 
variations in the valences of the elements are recognized. Some of these 
variations have already been discussed. Thus, an increase in the co¬ 
valence of an atom, and the acquiring of a formal positive charge by 
that atom, have been taken as criteria for the formation of an onium 
compound. (See Se(itions 2*3 and 2-4.) The valences of the elements 
in these onium compounds, however, can hardly be regarded as anom¬ 
alous, since they are easily interpreted by the electronic theory of 
valence. The characteristic examples of anomalous valence occur rather 
in the groups of compounds known as/rce radicals. 

Before the nature of free radicals is examined more carefully, it will 
be desirable first to consider the distinction between two different types 
of anomalous valence. These types can be illustrated, respectively, by 
the unknown compound CH 5 and by the known, but extremely reactive, 
methyl radical CH 3 . A molecule composed of one carbon and five 
hydrogen atoms would be physically unstable; in other words, it would 
break apart spontaneously into smaller fragments (such as a molecule 
of methane plus a hydrogen atom, or a methyl radical plus a hydrogen 
molecule). Since a carbon atom cannot form more than four strong 
bonds, and since a hydrogen atom cannot form more than one strong 
bond, there could be no important forces operating to hold together the 
molecule of such a compound as CHs. Obviously, therefore, this com- 
poimd cannot exist. The methyl radical CH 3 , on the other hand, is 
physically stable, since a carbon atom can form three strong bonds. The 

^ For furtlier discussion of free radicals, see W. E. Bachmann in H. Gilman, Organic 
Chemistry^ John Wiley and Sons, New York, 1st ed., 1938, Volume I, Chapter 5, 2nd ed., 
1943, Volume I, Chapter 6; W. A. Waters, The Chemistry of Free Radicals, Oxford Univer¬ 
sity Press, Oxford, 1946; E. W. R. Steacie, Atomic and Free Radical Reactions, Reinhold 
Publishing Corporation, New York, 1946; Free Radical Mechanisms, Reinbold Publishing 
Corporation, New York, 1946; E. Mtiller, A^igew, Chem, 61, 667 (1938); Neuere Anschavn 
ungen der organischen Chemie^ Julius Springer, Berlin, 1940, Chapter IV. 
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reason why the substance cannot be prepared in large quantity and kept 
for an extended period of time is, therefore, not that its molecules break 
apart spontaneously; indeed, a single molecule that is completely iso¬ 
lated from all contact with other molecules of any kind would doubtless 
remain unchanged indefinitely. The reason is instead that the substance 
is so extraordinarily reactive that each molecule undergoes some sort 
of chemical change before it has had a veiy large number of collisions 
with other molecules. That the radical should be so reactive is hardly 
surprising, for, since in general the stability of a molecule increases wdth 
the number of its bonds (see Section 10*9), a molecule in which a carbon 
atom has less than its normal valence might be expected to have a 
powerful tendency to go over into products in which every atom does 
have its full normal valencje. 

Since no physically unstable compound can exist, all examples of 
anomalous valence taken up in this chapter will necessarily belong to 
the second of the two types just discussed. The compounds considered 
hereafter will therefore be physically stable, but will contain atoms that 
form fewer than their customary numbers of bonds. Such compounds 
might be expected to be always as extremely reactive as the methyl 
radical; this expectation is, however, not correct. Although some of 
the compoimds described in the following sections are, to be sure, similar 
to the methyl radical in reactivity, others exist in equilibrium with 
normal compounds in which no atoms have anomalous valences, and 
still others must be classified as rather wnreactive. All gradations be¬ 
tween widely separated extremes are known. 

15-2 The Distinguishing Characteristics of Free Radicals. 
The methyl group, CH3, is clearly a radical; when it is not combined 
with some other atom or radical, it may be called a free radical. Not 
infrequently, however, there is more or less uncertainty whether a given 
isolated, but interconnected, group of atoms should or should not be 
similarly described. It would be desirable, therefore, to formulate a 
precise definition of the expression ^‘free radical,” so that this source of 
uncertainty might be eliminated, 

A common impression of free radicals is that they are extremely reac¬ 
tive colored substances, which are transformed into colorless products 
by dimerization, by reaction with oxygen, or by combination with other 
free radicals. Although these properties are indeed possessed by many 
free radicals, they are neither necessary nor sufiScient. Thus, some free 
radicals are rather unreactive (as noted above), some are colorless, some 
do not dimerize, some are inert toward oxygen, and some show no 
tendency to combine with other free radicals. Moreover, many com¬ 
pounds that are not conveniently regarded as free radicals do have one 
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or more of the properties listed. Consequently, these properties do not 
provide the precise definition desired. 

The least unsatisfactory statement of the distinguishing characteristics 
of a free radical is probably that a substance is a free radical if, and only 
if, each of its molecules contains an unpaired electron, (See pages 416 f.) 
The methyl radical CH 3 , for example, contains an odd number of elec¬ 
trons, of which at least one must therefore be unpaired; hence this 
substance is a free radical. Nitrosobenzene, I, on the other hand, has 

C 0 H 5 —NO 

I 


been found ^ to have no unpaired electrons; hence it is not a free radical, 
even though it is a colored compound that associates to a colorless dimer. 

Although the foregoing definition is logical and convenient when 
applied to purely organic compounds, it is sometimes not entirely satis¬ 
factory when applied to compounds containing elements of the transition 
groups. For example, the apparently un-ionized samarium acetyl- 
acetonate, 11, and the fcrricyanide ion, Ill, contain odd numbers of 


Sm 


:0—C 


/ 


CH. 


\ 


:0=C 


/ 


CH 


\ 


CH3„ 


II 


[Fe(CN)6]- 

III 


electrons; consequently, although neither is very closely analogous to 
the typical free radicals taken up in the later sections of this chapter, 
each must be considered a free radical. (Samarium acetylacetbnate has 
five impaired electrons per molecule;^ ferricyanide ion has one.'*) It 
may therefore seem unwise to adopt a definition which classifies such 
“inorganic^' substances and ions as free radicals. Nevertheless, the 
definition in question will be used throughout this chapter, since it leads 
to no difficulties with any of the compounds to which it will be applied. 

The compounds of ^'bivalent carbon” illustrate a special class of anomalous val¬ 
ence. The present view regarding the constitution of these compounds® is that 

2 E. B. Wilson, Jr.. J, Am, Chem, Soc. 66, 747 (1934). 

® For the electronic configuration of the samarium ion, see J. H. Van Vleck, The Theory 
of Electric and Magnetic SuaceptibUUieSf Oxford University Press, Oxford, 1932, page 243. 

* Cf. L. Pauling, J, Am, Chem, Soc, 63, 1367 (1931). 

® Cf. L. Pauling, The Nature of the Chemical Borvd^ Cornell University Press, Ithaca. Ist 
ed„ 1939, pages 127 f., 183 f., 2nd ed., 1940, pages 135 f., 198 f. 
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carbon monoxide CO is a resonance hybrid of structures IV and that an isocyanide 

:C=-0: ;C"^0:+ R--N=-C: R— N+™C:“ HO-~N=-C: HO—N+^C:^ 

IV V VI VII VIII IX 

RNC is a resonance hybrid of structures VT and VTT; and that fulminic acid HONC 
is a nvsonaiK^e hybrid of structures VIII an<i IX. These interpretations are sup¬ 
ported by the fact that there are no known stai)le compounds witli structures like 
X, in wliich the ‘'bivalent” carbon atom forms two single bonds, or like XI, in 

CH 3 —O-CH 3 C=C(CH 3)2 

X XI 

which this atom is joined hy a double bond to an atom without an unshan^d pair 
of electrons. In other words, “l)ivalent carbon” does not oc(!ur (;xc(jpt when reso¬ 
nance of the assumed type is possible. Further, and more direct, evidence in favor 
of the assumption of resonanc(^ can also be given.® Since; structures IV-IX do not 
contain any unpaired electrons, the substances to which they refer are not free 
radicals. 

15 • 3 Production of Short-lived Free Radicals in the Gas Phase. 

The methyl free radical is so extremely reactive that it (;annot be iso¬ 
lated, and (even without isolation) it cannot be kept for more than a 
fraction of a sticond. Any free radical with these properties is said to 
be short-lived^ or to be of short life. It is evident that special methods 
must be devised for the preparation and study of such free radicals, since 
the usual techniques of organic chemistry would obviously be inadequate. 

Paneth and Hofeditz were the first chemists to obtain satisfactoiy 
evidence for the existcnc^e of a free radical of short life. Their procedure 
(often referred to as the Paneth technique) can be illustrated with a 
description of their preparation of methyl CH 3 .® The vapor of lead 
tetramethyl Pb(CH 3)4 in a current of hydrogen or nitrogen, is passed 
through a quartz tube, the pressure in which is held at about 1-2 mm 
by the action of a high-speed vacuum pump. A small portion of the tube 
is then heated strongly, so that the lead tetramethyl is decomposed, 
and a ‘‘mirror^^ of metallic lead is deposited on the inside of the 
tube. The gaseous products of the decomposition, which are swept 
along by the hydrogen or nitrogen, are able to “dissolve,” or to remove, a 
previously formed lead mirror farther along the tube. Since the only 
likely stable products (hydrogen, methane, ethane, ethylene, and acet¬ 
ylene) have been shown to have no effect upon such a mirror, it seems 
necessary to infer that the reaction product responsible for the disappear¬ 
ance of the mirror is free methyl CH 3 , and that this radical reacts with 
the metallic lead to regenerate the volatile lead tetramethyl. This 
inference is supported by the fact that, if the tube is heated at a point 
beyond the one at which the lead mirror is being dissolved, a new mirror 

® F. Paneth and W. Hofeditz, Ber. 62 , 1335 (1929). 
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is formed, doubtless as a result of the decomposition of this regenerated 
lead tetramethyl. Moreover, when a metallic mirror of zinc or 
one of antimony is similarly dissolved, zinc dimethyl Zn(CH 3 ) 2 , or a 
mixture of antimony trimethyl Sb((^ 113)3 and tetramethylbistibine 
(CH 3 ) 2 Sb—■Sb(CH 3 ) 2 , can be obtained by condensation of the exit 
gases. 

The rate at which a mirror is dissolved by the free radical decreases 
with increasing distance between the mirror and the point at which 
the radical is formed.^ Thus, an antimony mirror prepared in a certain 
standardized manner disappears in 4 sec at 4 cm, but only after 150 sec 
at 37 cm. Evidently, therefore, as the radical moves along the tube, it 
is rapidly transformed into less reac.tive produces. From a determination 
of the dependence of the rate of disappearance of the mirror upon the 
distance, and from a knowledge of the velocity with which the gases 
flow through the tube, the half-life of the radical can be calculated. 
Under the conditions employed by Paneth and Ilofeditz, this half-life 
was found to be about G X 10“”^ sec. Although there is therefore no 
possibility of isolating the radical at room temperature, an attempt has 
nevertheless been made to isolate it at a lower temperature by cooling 
the gases in licjuid air as soon as possible after the radical has been 
generated; the product obtained in this way consisted, however, only of 
stable hydro(;arbons. 

The Paneth technique has been applied to the thermal decomposition 
{pyrolysis) of several other organometallic compounds besides lead 
tetramethyl. Bismuth trimethyl Bi(C'Il 3 ) 3 , for example, is as satis¬ 
factory as the lead compound for the production of methyl radicals; it 
suffers, however, from the fact that it is sensitive toward oxygen and 
hence is inconvenient to work with.® On the other hand, zinc dimethyl 
Zn(CH 3)2 and antimony trimethyl Sb(CH 3)3 are relatively imsatis- 
factory.® Other metals which have been employed include mercury, 
germanium, silicon, and tin.® The ethyl radical C 2 H 5 has been made by 
the decomposition of lead tetraethyl Pb( 02115 ) 4 ; it resembles the 
methyl radical closely in its properties and in its half-life.^ Similarly, 
the benzyl radical CeHs—CH 2 has been made by the decomposition of 
tin tetrabenzyl Sn(CH 2 —C 6 H 5 ) 4 .^® Attempts to prepare n-propyl 
n-CsHT and isobutyl i-C 4 H 9 from the lead compounds have, however, 
failed; these more complex radicals (if, indeed, they are produced at 

^ F. A. Paneth and H. Loleit, J, Chem, Soc, 1936, 366. 

* E. W. il, Steacie, Atomic and Free Radical Reactions, Reinhold Publishing Corporation. 
New York, 1946, page 610. 

» F. Paneth and W. Lautsch, Ber. 64 , 2702 (1931). 

F. A. Paneth and W. Lautsch, J. Chem, Soc, 1936, 380. 
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all) rapidly decompose further into still smaller fragments. Although 
gaseous products that dissolve metallic mirrors are formed, the resulting 
metal alkyls contain largely, if not entirely, methyl groups, rather than 
propyl or isobutyl groups. Paneth and Lautsch have reported that 
the decomposition of lead tctraphenyl Pb(C 6 H 5)4 gives a great deal of 
carbon but no radical that can dissolve a metallic mirror; Dull and 
Simons,on the other hand, have reported that the product obtained in 
this way reacts with mercury to give mercury diphenyl Hg(C 6 H 5 ) 2 . 
The major product of the reaction is biphenyl CeHs—C gHs, which is 
doubtless formed by dimerization of the phenyl radical. 

Metal alkyls are by no means the only compounds which, on pyrolysis, 
give rise to free radicals of short life. In fact, decomposition into radicals 
seems to be the rule rather than the exception. That this generalization 
should be correct is not surprising. If, for example, a bond between two 
atoms A and B (whi(;h may be of either the same or different elements) 
is broken pyrolytically, the reaction can be expected to proceed more 
easily in the manner shown in equation 15’1 than in the alternative 

A—B A- +B- (15-1) 

A—B A+ + Br (16-2) 

manner shown in equation 15-2; for, in equation 15*1, the radicals which 
are separated from each other are electrically neutral, whereas, in equa¬ 
tion 15*2, the ions which are similarly separated have opposite electric 
charges. Thus, if two charges, equal respectively to +e and —e (where 
e is 4.80 X 10“^^ electrostatic unit, the magnitude of the electronic 
charge) are initially at a distance of 1.5 A (an average bond length) 
from each other, and if these charges are separated so that they no longer 
interact appreciably, the rupture of the “ionic bond” requires an energy 
of more than 200 kcal per mole to overcome the electrostatic attraction 
(see Section 1-4); on the other hand, the rupture of a single covalent 
bond with the production of free radicals (equation 15 • 1) never requires 
much more than about^ 100 kcal per mole, and usually requires signifi¬ 
cantly less than that amount of energy. 

One example of a compound which is not a metal alkyl, but which is 
decomposed thermally to free radicals, is given by azomethane, I; this 

CHs—N=N—CHs (CH3)2CH—N=N—CH(CH3)2 

I II 

substance at.475®C gives rise to methyl radicals, which can be detected 

M. F. Dull and J. H. Simons, J, Am, Chem, Soc, 55, 3898 (1933). 
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by their ability to dissolve lead mirrors.^^»^® Similarly, azoisopropane, 
II, at 450°-550°C gives radicals that dissolve antimony mirrors; these 
radicals have been found, however, to be methyl rather than isopropyl.^^ 
Numerous other examples have been investigated by Rice and his co¬ 
workers. Thus, a number of parafl&n hydrocarbons decompose at 
temperatures between 800° and 1000°C into radicals which attack 
metallic mercury.^® The resulting mercury dialkyls HgR 2 were treated 
with mercuric bromide IIgBr 2 , and thereby transformed into alkyl 
mercuric bromides RHgBr, which were then identified by their charac¬ 
teristic x-ray diffraction patterns. Regardless of the size of the original 
paraffin molecules, the only substances definitely shown to be formed 
were methyl mercuric bromide CHsHgBr (which was always the major 
product), and ethyl mercuric bromide C 2 H 5 HgBr.(which was present, 
when at all, in smaller amount). The instability of the larger alkyl 
radicals is therefore again evident. Similar results have been obtained 
also in the pyrolyses of several aliphatic ketones, alcohols, ethers, and 
amines; the products obtained from all these compounds are able to 
dissolve antimony mirrors. 

Photochemical, as well as thermal, decompositions have been used for 
the production of short-lived free radicals. For example, irradiation of 
gaseous acetone, 111, methyl ethyl ketone, IV, and diethyl ketone, V, 

CHa—CO—CII3 CHa—CO—C2H5 C2II5—CO—C2II5 

III IV V 

with the light of a quartz mercury-vapor lamp gives radicals which 
dissolve mirrors of antimony, tellurium, and lead,^^ and which also 
attack elementary mercury, arsenic, and iodine.^® That the radical 
produced from acetone in this photolysis is methyl has been shown by 
the isolation of dimethyl telluride (CH 3 ) 2 Te, dimethyl ditelluride 
(CH 3 ) 2 Te 2 , mercury dimethyl Hg(CH 3 ) 2 , and arsenic trimethyl 
As(CH 3 ) 3 ; that the radical produced from diethyl ketone is ethyl has 
been shown similarly by the isolation of arsenic triethyl As(C 2 H 6 ) 3 . 
Methyl-n-butyl ketone, acetaldehyde, and propionaldehyde were re¬ 
ported to form no radicals; in later work, however, it was found 
that methyl radicals can be detected in the decomposition of acetalde¬ 
hyde if precautions are taken to prevent the surface of the metal from 

^ J. A. Leermakers, J. Am, Chem, Soc, 55, 3499 (1933), 

F. O. Rice and B. L. Evoring, J. Am. Chem. Soc. 56, 3898 (1933). 

F. O, Rice and A. T. W. Aten, Jr., quoted by F. O. Rice, Chem, Revs, 17, 53,60 (1936) 
F. O. Rice, Trans, Faraday Soc, 30, 162 (1934), 

F. O. Rice and W. R. Johnston, J, Am, Chem, Soc, 56, 214 (1934), 

T. G. Pearson, J. Chem. Soc, 1984, 1718. 

T. G. Pearson and R. H. Purcell, J, Chem, Soc, 1935, 1161. 
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becoming covered with a protective layer of polymerized acetaldehyde, 
l^hotolysis of di-n-propyl ketone, VI, gives the n-propyl free radical 

CHs—CHa—CHa-CO—CH2—CH2—CHs 

vr 

CH 3 — 0112 —OH 2 , which ic^acts with mercury to form mercury di-n- 
propyl Hg(n-C 3 H 7 ) 2 ; rather unexpectedly, photolysis of diisopropyl 
ketone, VII, also gives the ?i-propyl radical.(It is of interest that this 


(CH3)2(^II--(^0—CH(CH3)2 

VII 

prop 3 d radical has not been made by thermal decompositions in the gas 
phase. See above.) The phenyl radical also has been made photo- 
chemically. When either benzophenone CcHs—CK)—Cell^ or aceto¬ 
phenone C 0 H 5 —C'O—CH 3 in the gaseous state is irradiated with ultra¬ 
violet light, it forms a product that attacks a tellurium mirror. The free 
radicals obtained from ac(^tophenone have been the most extensively 
studied; they react with the tellurium to produce diphenyl telluride 
(C 6 H 5 ) 2 Tc, phcnylmethyl telluride Cells—Te—CH 3 , and dimethyl 
telluride (CH 3 ) 2 Te. 2 o 

Simple alkyl and ar^d radicals have b(ien made in the gas phase by 
reactions of still further types. Thus, sodium vapor attacks methyl 
bromide, ethyl bromide, and bromobenzene, with production of methyl, 
ethyl, and phenyl radicals, respectivelyThe sodium-free gaseous 
products react with iodine vapor to form methyl iodide, ethyl iodide, 
and iodobenzene (plus large amounts of biphenyl), respectively; they 
remove tellurium mirrors, and the alkyl radicals remove antimony 
mirrors.^2 Similarly, free benzyl CeHs—CH 2 , which is formed by the 
action of sodium vapor on benzyl chloride CeHs—CH 2 CI, also removes 
tellurium mirrors.^ Moreover, as will be discussed in greater detail in 
the following section, many of the familiar gas-phase reactions of ali¬ 
phatic compounds are now considered to involve free alkyl radicals as 
active intermediates. 

Acyl, as well as alkyl and aiyl, radicals are also known. That the 
photochemical decomposition of acetone gives not only methyl radicals 

K, H. Glazebrook and T. G, Pearson, J, Chem. Soc, 1936, 1777. Cf., however, M. S« 
Kharasch, S. S. Kano, and H. C. Brown, J, Am, Chem, Soc, 63, 526 (1941). 

H. H. Glazebrook and T. G. Pearson, J, Chem, Soc, 1939, 689. 

M. Polanyi and D. W. G. Style, Naturwisaenachaften 20, 401 (1932); E. Horn, M. 
Polanyi, and D. W. G. Style, Z, phyaik, Chem, B23, 291 (1933); Trans, Faraday Soc, 30, 
189 (1934); E. Horn and M. Polanyi, Z, physik. Chem, B25, 151 (1934). 

^ A. O. Allen and C. E. H. Bawn, Trans, Faraday Soc, 34, 463 (1938). 

28 P. A. Paneth and W. Lautsch, J, Chem, Soc, 1936, 380. 
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CH 3 (shown by the formation of dimethyl tclluride but also acetyl 
radicals CH 3 —CO, has been demonstrated by the isolation of bi¬ 
acetyl, VIII, of nickel dimethylglyoxime, IX, and of biacetyl 2,4-dinitro- 


Ni 


CII 3 —CO--CO—CHy 

VIII IX 

phenylhydrazone (presumably the bis-hydrazoiie, X this biacetyl is, 

02N<^^ N=C—CHa 

NO., 

N==K>-Cll3 

^ NO2 

X 

of course, formed by the dimerization of tbe acetyl radical. Evidence 
for the production of formed HCO by the photolysis of acetaldehyde has 
also been obtaincd/-^^ Unlike the alkyl and aryl radicals, the acyl 
radicals are not obtained ])y thermal decompositions (doubtless because 
at elevated temperatures they rapidly decompose into alkyl or aryl 
radicals and carbon monoxide); and they do not dissolve metallic mirrors. 

15*4 Reactions of Gaseous Short-lived Free Radicals. Several 
important reactions of free radicals have already been mentioned. Of 
these, the ones which have been most extensively discussed in the pre¬ 
ceding section are the ones by whi(»h alkyl or aiyl derivatives of various 
(often metallic) elements are fonned by direct combination of the 
radicals with those elements. Thus, the reactions with lead, antimony, 
zinc, mercury, arsenic, iodine, and tellurium have been taken as evidence 
for the existence of free radicals. In addition to these elements, bismuth, 
tin, selenium, and others have also been used in the same way.^* It is 

H. H. Glazebrook and T. G. Pearson, J. Chem. Soc. 1937, 567. 

“ R. Sponco and W. Wild, Nature 138, 206 (1936); J. Chem, Soc, 1937, 352. Cf. also M. 
Barak and D. W. G. Style, Nature 136, 307 (1935). 

Cf. B. Taiikd, Biochem. Z. 247, 482 (1932); II. H. Strain, J, Am. Chem. Soc. 67, 758 
(1935). 

Cf. W. A. Waters, The Chemistry of Free Radicals^ Oxford University Press, Oxford, 
1940, page 118; E. W. R. Steacie, Atomic and Free Radical Reactions, Reinhold Publishing 
Corporation, New York, 1946, pages 362 ff.; Free Radical Mechanisms, Heinhold Publish- 
ing Corporation, New York, 1946, pages 230 flf. 

Cf. E. W. R. Steacie, Atomic and Free Radical RecLCtions, Reinhold Publishing Corpora¬ 
tion, New York, 1946, page 48; Free Radical Mechanisms, Iteinhold Publishing Corpora¬ 
tion, New York, 1946, page 36. 
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commonly assumed that the reactions between radicals and many solid 
elements take place at the first collisions. 

A further (more briefly mentioned) reaction of the gaseous radicals 
of short life is their dimerization to stable products that are no longer 
free radicals. Biphenyl and biacctyl, for example, were stated above to 
be formed by the combination of phenyl and of acetyl radicals, respec¬ 
tively. Moreover, the rapid spontaneous disappearance of methyl 
radicals in Paneth and Hofeditz^s original experiment ® must be attrib¬ 
uted to their dimerization, since ethane was found to be the major 
product of the reaction in the absence of other reagents.Similarly, 
the ethyl radical dimerizes to n-butane; this reaction is favored at 
low temperatures. 

It might be thought that an active radical like methyl or ethyl would 
necessarily combine with another such radical to form a stable paraffin 
hydrocarbon at the first collision, since the two radicals should be held 
together by the new covalent bond that results from the interaction 
between the formerly unpaired electrons. The situation is somewhat 
more complicated, however, than it appears at first sight to be. Wlien 
the new bond is created, a considerable amount of energy (the bond 
energy) is made available. As a result of the law of conservation of 
energy, this energy must go somewhere since it cannot simply cease to 
exist. The probability that it will be transformed into rotational energy, 
or that it will be radiated as light of some wave length, can be shown to 
be negligibly small; the probability that it will be transfoimed into 
translational energy of the molecule as a whole can be shown to be 
exactly zero, since any such process would violate the law of conservation 
of momentum. Only three possibilities therefore remain. The first of 
these is that the energy cause the dissociation of the resulting molecule 
either into the radicals from which it was originally formed or else into 
different fragments; the second is that the energy be used to excite the 
vibrations of the molecule; the third is that the energy be dissipated by 
intermolecular collisions. When the radicals that combine are as small 
as methyl or ethyl, the possibility which is most likely to be realized in 
the gas phase is the first one. For, if the energy is instead transformed 
into vibrational energy, the probability that at some instant it will 
reside exclusively (or nearly exclusively) in some individual bond is so 
great that the molecule is almost certain to break up into radicals by 
rupture of that bond before there has been sufficient time for a collision 

^ F. A. Paneth, W. Hofeditz, and A. Wunsch, J, Chem, Soc. 19SB, 372; F. Paneth and 
K. F. Herzfeld, Z. Elektrochem. 87, 677 (1931). 

» F. Paneth and W. Lautsoh, Ser. 64, 2708 (1931); W. J. Moore, Jr., and H. 8. Taylor, 
J. Chem. Phye. 8 , 396, 466 (1940). 
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with another molecule. Consequently, the observed dimerizations of 
methyl and of ethyl can hardly occur in the gas phase; they must there¬ 
fore take place predominantly on the wall of the tube, Avhich acts as the 
*^other molecule,'^ collision with which is needed for the dissipation of 
the excess energy. Even so, however, not every collision results in 
reaction; it has been found, for example, that, before a methyl radical is 
destroyed, it must collide about 1000 times with a cold glass or quartz 
wall, or about 10,000 times with a hot wall at 500°C when helium is used 
as the carrier gas.-^ 

t/'Aii alkyl radical Avith more than two carbon atoms decomposes readily 
into smaller radicals, as has already been mentioned. Another type of 
reaction by Avhich a radical more complex than methyl can be destroyed 
is called disproportionation; tAvo ethyl radicals, for example, can be 
transformed by a mutual hydrogenation and dehydrogenation into one 
molecule of ethane 02116 and one of ethylene C" 2 H 4 .^^ The mechanism 
of disproportionation is not known. 

Still a further type of reaction undergone by gaseous free radicals of 
short life can be expressed by the general equation 15*3. For example, 

(radical) + (molecule) (radical)' + (molecule)' (15-3) 

Avhen the methyl radical is SAvept along in a current of hydrogen, more or 
less methane is formed,^® presumably by reaction 15*4. (Here, and 

CH 3 + H 2 CH 4 + H* (15-4) 

V hereafter, a single isolated dot beside an atomic symbol represents an 
unpaired electron.) Moreover, the chlorination of a paraffin hydro¬ 
carbon RH is considered to proceed by the chain of reactions 15*5 and 

:C1: + RH R- + HCl (15-5) 

15*6. A chlorine atom (which is of course a free radical since it contains 

R- +CI 2 RC1+ :C1: (15-6) 

an odd number of electrons) initiates the chain in reaction 15*5 by re¬ 
moving a hydrogen atom from the hydrocarbon and by producing the 
radical R-; although in the process this original chlorine atom is con¬ 
verted into stable hydrogen chloride, and hence is made inactive, it is 

31 Of. R. L. Geddes and E. Mack, Jr., Am, Chem, Soc, 62, 4372 (1930); W. J. Moore, 
Jr., and H. S. Taylor, J, Chem, Phys. 8, 396 (1940); E. W. R. Steacie, Free Radical Mech^ 
anieme, Roinhold Publishing Corporation, New York, 1946, pages 22AS.; Atomic and Free 
Radical Reactions, Reinhold Publishing Corporation, New York, 1946, pages 329 ff. 
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replaced in the subsequent reaction 15*6. The chain can obviously 
continue by repetition of the reactions 15-5 and 15*6 until the hydro¬ 
carbon RH or the chlorine CI 2 has been used up, or until the chain is 
broken by some such reaction as 15*7, 15*8, 15*9, or 15* 10; any one of 


2 R- 

—> R—^R 

(15-7) 

2:Cl: 

C\, 

(15-8) 

R- + :(i: 

> R.C1 

(15-9) 

:<:i: + (\ 

CIO 2 

(15-10) 


these reactions would presumably have to take place on the wall since 
three-body collisions in the gas phase are extremely rare (see above). 

The most satisfa(!tory evidenc^e for the proposed mechanism of chlo¬ 
rination is doubtless that obtained from a kinetic study of the photo¬ 
chemical chlorination of gaseous chloroform,which substance may be 
presumed to react in the same way as docs a paraffin hydrocarbon. 
Since, however, an adequate discussion of this work would require an 
undesirably long digression into the theory of reaction rates, only certain 
other types of evidence, of a more qualitative nature, Avill be described 
here. 

Part of this other (widenc.e is derived from a consideration of the 
conditions under which the reaction takes place. A mixture of ethane 
and chlorine, for example, can remain unchanged for an indefinite period 
of time if it is kept in the dark and at room temperature; the substitu¬ 
tion reaction proceeds rapidly, however, if the mixture is illuminated 
with ultraviolet light (or even with visible light of sufficiently short 
wave length); if it is heated in the dark to a temperature above about 
250®C; or if, in the dark and at a comparatively low temperature, it is 
made to contain a trace of a free radical like ethyl.*® These methods of 
initiating the reaction are just the ones which could have been expected 
to be effective if the mechanism of equations 15-5 and 15*6 is correct. 
The absorption of light by molecular chlorine CI 2 has been shown 
spectroscopically to result in the production of the atomic chlorine Cl 
that is needed for the reaction; at 250°C and higher, a small amount of 
atomic chlorine can be formed by the thermal dissociation of the molec- 

H. J, Schumacher and K. Wolff, Z, physik. Chen, B8S, 161 (1934). 

“ Cf. W. E. Vaughan and F. F. Kust, J. Org. Chen. 5, 449 (1940). 

« H. Kuhn, Z. Phyeik. 89, 77 (1926). 
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ular chlorine; and a trace of ethyl radical (or the like) can start the 
reaction chain in accordance with equation 15-G. 

Further evidences for the proposed me(;hanisin is that a minute trace 
of atomic chlorine or of a free radical is sufficient to ptu'mit the ff)rmation 
of a relatively enormous amount of chlorinated product. Since the chain 

carriers, :C1: and R.*, are (ionstantly regenerated, a single (ihlorine atom 

or a single radical should in principle be able to start, a chain reaction 
by which any given amount of hydrocarbon is finally chlorinated. In 
practice, however, a reaction carried out in such a manner would be 
immeasurably slo\v and, indeed, would almost certainly be stopped by 
one of the chain-breaking reactions 15 *7-15*10 long before it is com¬ 
plete. Consequently, the numbers of chlorine atoms and of radicals 
present at any instant must be large in an absolute sense, although they 
may be extremely small in comparison with Avogadro^s number. For 
example, the amount of atomic chlorine that is formed either photo- 
chemically or thermally can at most be only a minute fraction of the 
amount of molecular chlorine present. ('Consequently, each of the 
original chlorine atoms must lead to the production of a great many 
molecules of final prodiK^t. Moi-eover, the chlorinations of ethane and 
of propane have been found to go practically to completion at 132®- 
140®C'^ in the presence of as little as 0.002 mole per cent of lead tetra¬ 
ethyl.^^ No reaction occurs at this temperature', however, in the absence 
of the lead tetraethyl, Avhich acts as a source of ethyl radicals. Evi¬ 
dently, therefore, the reaction must be initiated by these ethyl radicals, 
and it must proceed in such a manner that each radical leads to the 
production of many molecules of product. 

In tliis reaction, the lead tetraethyl is frequently referred to as a catalyst, since 
only a trace, or “catalytic amount,*’ of it is nquircd. This substance is, however, 
destroyed in the reaction, and so it is not strictly a catalyst. 

Still further evidence that the chlorination of a paraffin hydrocarbon 
is of the radical-chain type is provided by the fact that the reaction is 
inhibited by a small amount of oxygen.®^ Thus, a single molecule of 
oxygen, by breaking a single chain (equation 15*10), can prevent the 
formation of a great many molecules of product. Consequently, a trace 
of this element is sufficient to decrease greatly the rate of the reaction. 
Since the oxygen is transformed in the process into a substance, or into 
substances, that cannot inhibit the chlorination, and since new chains 
are constantly being initiated, the oxygen must in time be completely 
used up. Consequently, if at the outset all the oxygen has not been 
removed from the original reagents, the reaction has an induction period; 
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in other words, it commences slowly, but becomes rapid somewhat later, 
after the oxygen has been consumed. 

An alternative mechanism, which is in as good agreement with the 
above evidence as the one proposed originally (equations 15-5 and 15*6), 
is shown in equations 15-11 and 15-12. This second path is, however, 

:CT. + RH RCl + H- (15-11) 

H- + CI 2 HCl + :C1: (15-12) 

rendered rather improbable by other considerations. In order for a 
reaction to take place by a chain mechanism, each individual step must 
be extremely fast; in fact, the chains are broken so rapidly by reactions 
like those of equations 15 *7-15-10 that any such mechanism becomes 
impracticable unless the chain carriers react at very nearly their first 
collisions with the appropriate reagent molecules. Consequently, no 
step in a chain can require a large activation energy. Moreover, since 
the activation energy of any endothermic reaction must always be at 
least as great as the heat absorbed in the reaction, it follows also that 
no step in a chain reaction can be strongly endothermic. If, for definite¬ 
ness, the hydrocarbon RH is taken to be methane CH4, the heats of the 
reactions 15*5, 15-G, 15-11, and 15-12 can be calculated from data in 
the literature. Thus, equation 15-15 is the sum of equations 15-13 and 

CH 4 CH 3 + H- - 102 kcal 35 (15-13) 

15-14; consequently, the reaction of equation 15 -15 is almost thermally 
H- -f :C 1 : ^ HCl + 102.9 kcal 3® (15-14) 

neutral. With hydrocarbons that are more complex than methane, 
the reactions corresponding to 15-15 can be shown in a similar way to 

CH 4 + :C 1 : CPI 3 + HCl + 0.9 kcal (15-15) 

be more exothermic than 15-15.35 On the other hand, equation 15-19 
is the sum of equations 15-16, 15-17, and 15-18; consequently, the 

CH 4 + CI 2 CH 3 CI + HCl + 24 kcal 37 (15-16) 

® H. C. Andersen* G. B. Kistiakowsky* and E. R. Van Artsdalen* J, Chem, Phys. 10 , 
305 (1942); H. C. Andersen and G. B. Kistiakowsky, ibid, 11 , 6 (1943); D. P. Stevenson, 
ibid. 10, 291 (1942). 

Cf. F. E. Bichowsky and F. D. Rossini, The Thermochemiatry of the Chemical 8ub- 
atancee. Reinhold Publishing Corporation, New York, 1936, pages 20, 22. 

^ L. Pauling, The Nature of the Chemical Bond, Cornell University Press, Ithaca, Ist 
ed., 1939, 2nd ed., 1940, Tables 10-1 and 10-2. 
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2: Cl: CI 2 + 57.8 kcal (15 • 17) 

HCl H* + :C1: - 102.9 kcal®® (15-18) 

reaction of equation 15*19 is definitely endothermic and hence im- 

CH 4 + :Cl: CH 3 CI + H* - 21 kcal (15*19) 

probable. In a similar manner, each of the remaining reactions, 15*20 

CHa + CI 2 CH 3 CI + :C1: (15*20) 

and 15*12, can be shown to be strongly exothermic. It follows, there¬ 
fore, that, although the alternative sequence (reactions 15*11 and 15*12, 
or 15*19 and 15*12) is made unlikely by the probable slowness of its 
first step (15*11 or 15*19), the original sequence (reactions 15*5 and 
35*G, or 15*15 and 15*20) is entirel}^ reasonable. (See also page 714.) 

Most, if not all, other substitution reactions of gaseous paraffin 
hydrocarbons are (considered to go by radical-chain mechanisms which 
are more or less analogous to the one just discussed. Since, however, 
comparatively little is known regarding the natures of the various 
individual steps, these reactions will not be discussed further here.^ 

' A different type of reaction of short-lived free radicals in the gas phase 
can be expressed generally by equation 15*21. Since the product of the 

(radical) + (molecule) (radical)' (15*21) 

reaction is itself a free radical, it may be able to combine with a second 
molecule of the other reagent to form still a third radical, as in equation 
(15*22). Moreover, this process may continue still further. For ex- 

(radical)' + (molecule) —(radical)" (15*22) 

ample, when mercury diethyl Hg(C 2 H 5)2 is decomposed thermally in an 
atmosphere of ethylene, a liquid product is formed.®® This 

polymerized product may be considered the result of successive reactions, 
the first three of which are sho^vn in equations 15*23, 15*24, and 15 *25. 

Hg(C 2 H 5)2 Hg + 2 C 2 H 5 (15*23) 

C 2 H 5 + H 2 C==CH 2 C 2 H 6 —CH 2 —CH 2 (15*24) 

C 2 H 5 —CH 2 —CH 2 + H 2 C=CH 2 C 2 H 5 —CH 2 —CH 2 —CH 2 —CH 2 

(15*25) 

^ H. S. Taylor and W. H. Jones, /. Am, Chem, 80 c, 52, 1111 (1930). 
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Each step of the polymerization consists of a simple combination of 
two'molecules, of ^vhich one is a free radical and th(^ other is not; conse¬ 
quently, the participation of a third body in each collision that results 
in combination is presumably necessary here (at any rate at the outset, 
when both molecules are small), just as it is necessary in the dimerization 
of a small radical, (See above.) The wall presuma]:)ly does not act as 
this third body, be(;ause the reaction does not proceed more rapidly when 
the reaction vessel is pac^kcnl with glass wool so that th(^ wall surface is 
greatly increased. Possibly a molecule of ethylene acts as the third 
body; if so, eciuation 15-24, for example, should be replaced by equation 
15-26 (unless, of course, the ethyl radical and ethylene molecule arc 

CoHs + 2Il2C=CIl2 C2H5—CH2~CH2 + H2C=CH2 ( 15 - 26 ) 

already big enough to combine directly and without intervention of a 
third body). 

The sequence of reactions (just dis(nissed) must slop at some time, 
since the polymerization cannot, go on fore^ver’. Several possibilities for 
the termination of the chain cun be considered. Two radicals may 
combine Avith each other (equation 15-27); this reaction Avould be 

C2H5—(CH2—CH2),,—CII2-CH2 

+ C2H5—(CH2—CH2)n—CH2—Cll2 

C2H5-(CH2-CIl2)..+.4-2-C2ll5 (15 - 27) 

analogous to the dimerization of, for example, the methyl radical. 
(See above.) On the other hand, two radicals may interact by dis¬ 
proportionation (eejuation 15-28) in the manner described on page 

C2H5—(CH2—Cfl2)m—CH2—CII2 

+ CaHr—(CH2--CIl2)n—CII2—Clio 
C2H5—(CH2—CHg)^—CIT2—CIT3 

-h C2H5—(CH2—CI:T2),,—CH=CIi2 ( 15 - 28 ) 
657 for ethyl radicals. Finally, chain transfer (equation 15 - 29 ) may 

C2H5—(CH2—CH2)n"-CH2—CH2 + H2C=CH2 

C2H5—(CH2—CH2)n—CH=CH2 + H3C—CH2 ( 15 - 29 ) 

occur; although the chain by which the radical C 2 H 5 —(CH 2 —CH 2 )n— 

CH 2 —CH 2 was formed is thus terminated, a new chain can be started 
by the ethyl radical that is simultaneously formed. It is not known 
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which of these possibilities is correct; possibly two, or even all three, 
of them are realized to a greater or less extent. 

Free radicals that have been produced in still other ways can also 
cause the polymerization of olefins. Thus, the polymerization of ethyl¬ 
ene has been induced by the radicals formed in the p 5 rrolysis of azo¬ 
methane or in the photolysis of acetaldehyde, propionaldehyde, n- 
butyraldchyde, acetone, and diethyl ketone; and the polymerizations 
of propylene and of isobutylene have been inducjed by the radicals 
formed in the photolysis of acetaldehyde.(For the polymerization of 
acetaldehyde by radicals, see pages 653 f.) 

15*5 Production and Reactions of Short-lived Free Radicals 
in Solution. The methods by which short-lived free radicals arc pro- 
diK^ed, and the reactions which such radi(?als undergo, are apparently of 
the same general types in solution as in the gas phase. At any rate, 
there are a considerable number of reactions which can be most easily 
interpreted if this generalization is assumed to be correct. Thus, the 
pyrolysis of an organometallic compound in solution seems to give an 
unstable free radical plus the metallic element. T)Vhen, for example, a 
solution of mercury diphenyl in ethyl alcohol is^eated to 150°-200°C, 
elementary mercury, benzene, and acetaldehyde are formed.Pre¬ 
sumably, the mercury diphenyl decomposes to mercury and phenyl, and 
then the latter substance attacks the solvent instead of dimerizing. 
(Cf. equation 15-3 on page 657.) ^Moreover, photolysis of methyl ethyl 
ketone in “medicinal paraffin’’ gives carbon monoxide, methane, ethane, 
ethylene, and acetaldehyde; at the end of the reaction, the solvent has 
become unsaturated.^^ Presumably, the ketone decomposes to alkyl 
and acyl radicals, which attack the solvent and react in other familiar 
ways. Finally, the chlorination of a paraffin hydrocarbon in solution 
may be considered to proceed by the mechanism described above for 
the gas-phase reaction. 

The foregoing reactions in the liquid phase Avere selected for their 
particularly close relation to the previously discussed reactions in the 
gas phase; they form, however, only a small fraction of the reactions in 
solution which are now considered to involve free radicals as interme¬ 
diates. The number of such reactions is, in fact, so large that no attempt 
can be made here to survey the entire field. The following discussion 
(like the preceding one) is, therefore, to be considered illustrative rather 

® O, K. Kice and D. V. Sickman, J, Am. Chem. Soc. 57, 1384 (1935). 

^ C. J. Danby and C. N. Hinshelwood, Proc. Hoy. Soc. (London) A179, 109 (1941), 

G. A. llazuvaov and M. M. Koton, J. Gen, Chem. (U.S.S.H.) 1, 804 (1931); C.A, 26, 
2719 (1932). 

^ II. G. W. Norrish and C. H. Bamford, Nature 140, 195 (1937); C. TI. Bamford and R. 
G. W. Norrish, J, Chem. Sac, 1938, 1531. 
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than exhaustive. (For still other examples, see Sections 7*9 and 7*11.) 

It will be convenient to divide the various free-radical reactions into 
two main classes, which can be taken up separately. Thus, some such 
reactions appear to proceed by chain mechanisms, whereas others appear 
not to do so. Examples of both these types (especially in the gas phase) 
have already been gi\i^n, and the experimental criteria by which the 
two may be distinguished have been discussed. For few, if any, liquid- 
phase reactions, however, have the mechanisms been conclusively 
demonstrated. 

The most extensively studied radical-chain reactions in the liquid 
phase are undoubtedly the polymerizations of olefins. It would lie 
entirely outside the scope of this book, however, to describe in detail 
the various experimental procedures by Avhich these important reactions 
are carried out on either the industrial or the laboratory scale; it will be 
suflScient, rather, merely to say here that one of the most common pro¬ 
cedures involves the treatment of the olefin with a peroxide.^" For 
example, the polymerization of styrene, I, when induced by benzoyl 

CeHs—CH=CH2 CeHs—CO—0—0—CO—Cells 

I II 

peroxide, II, may be presumed to proceed by the steps shown in equa¬ 
tions 15* 30-15-33, in which R- represents either the phenyl radical 

Cells—CH=CH 2 + R- Cells—CH—CH 2 —R (15-30) 


CeHe—CH—CH 2 R + Celle—CH=CIl2 


CeHe—CH—CH 2 —CH—CH 2 —R (15-31) 
isHs 

CeHs—CH—CHa—CH—CH 2 —R + CeHe—€H==CH 2 -> 

I 

CeHs 


CeHs—CH—€H2— 


—CH—CH 2 

I 

CbHb 



(15-32) 


^ Cf. C. C. Price, Mechaniama of Reactiona aX Carbon-Carbon Double Bonda, Intersoienco 
Publishers, New York, 1946, Chapters IV-VII. 
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CeHfi—Cn—CH2- 


—CH—CHa- 

i 

. Cells 


-R + CeHs—CH==CH 2 


Cells—CH—CH 2 - 


—CH—CH2- 

, ie&s 


-R (15-33) 


ln+1 


CeHs or the benzoate radical CeHs—CO 2 . (Cf. equations 15*24 and 
15 • 25.) As in the analogous radical-induced polymerization of ethylene 
in the gas phase, the termination of the chain may result from the union 
of two radicals, from disproportionation, or from chain transfer, or from 
any two or all three of these reactions simultaneously. 


The polymerization of an olefin may be carried out also in other ways which do 
not involve radical chains. Such a compound, for example, can be polymerized by 
the action of a strong acid like sulfuric acid or stannic chloride, or by a strong base 
like potassium phonylisopropyl, Thiise further reactions are irrelevant to the 


CH 3 

C 0 H 5 —C:“K+ 

CH 3 

III 


discussion in this chapter, however, and so they need not here be further discussed. 


Whether the radical R* that initiates the polymerization of styrene 
(equation 15*30) is phenyl or benzoate, the phenyl group of the original 
benzoyl peroxide is contained in the molecule of the final polymer. This 
conclusion is supported by the fact that, if p-bromobenzoyl peroxide, 

p-Br—C 6 H 4 —CO—O—O—CO—C 5 H 4 —Br-p 

IV 


IV, is used instead of benzoyl peroxide, II, the resulting polymer contains 
aromatically linked bromine.^^'^® Similarly, the action of p-chlorobenzoyl 
peroxide, V, upon allyl acetate, VI, gives a polymer that contains 

p-Cl—C 6 H 4 —CO—0--<>-C0—C6H4--^ 

V 


H 2 C-=CH—CH 2 —0—CO—CH 3 p-Cl—CeH 4 —CO 2 H 

VI vn 

chlorine.^^ Since, on hydrolysis of this latter polymer, some p-chloro- 
benzoic acid, VII, can be obtained, it is evident that p-chlorobenzoate 

C. C. Price, R. W. KeU, and E. Krebs, J. Am, Chem, Soc, 64, 1103 (1042); P. D, Bart¬ 
lett and S. G. Cohen, ibid, 66 , 643 (1043). 

" P, D. Bartlett and R. Altsohul, Am, Chem, Soc. 67, 812 (1046). 
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groups are present in the polymer, and therefore that, as suggested above, 
carboxylate as well as aryl radicals can initiate the chains. Indeed, 
Bartlett and Altschul have estimated that, under their experimental 
conditions, the polymerized allyl acetate contains between Tour and five 
times as many p-chlorobenzoate groups as it does simple p-chlorophenyl 
groups. 

A further reaction which is considered to go 1)y a radical-chain mecha¬ 
nism is the so-called almormal addition of hydrogen bromide to an olefin. 
The addition of this acid is usually normal (i.e., in agreement with 
Markonmikoff^s rule) if oxygen and peroxides arc carefully excluded, 
but it may be abnormal (i.e., contrary to Markownikoff^s rule) if oxygen 
or peroxides ani present. (Oxygen possibly exerts its effect by first 
converting the olefin into a peroxide.) Thus, the product formed from 
propylene, VITT, is predominantly isopiopyl bromide, IX, under the 

CHa—CH=CH 2 Clla—CHBr—CHa CII 3 —Clla—CHaBr 

VIIT IX X 

former conditions, but predominantly ??.-propyl bromide, X, under the 
latter.**® Since only a trace of oxygen or peroxide ma}^ be sufficient to 
induce a relative!}^ very large amount of abnormal addition, and since 
the abnormal addition can be more or less cornpl(d-(^ly inliibited by traces 
of such ^^antioxidants’' as hydro(iuinone, XI, or diphenylamine, XII 

OH 



OH (C6H5)2Nn 

XI XII 


(cf. page 311), the reaction presumably goes by a chain mechanism. The 
sequence of steps given in equations 15*34 and 15*35 is the one most 


I CII 3 —CH=CH 2 + :Br: CH 3 —CH—CHaBr (15*34) 


CHa—CH—CH 2 Br + HBr CH 3 —Cllg—CH 2 Br + :Br: (15*35) 

commonly assumed; the original bromine atom is considered to result 
from the action of the oxygen, or of the peroxide, or of some free radical 
formed in the thermal decomposition of the peroxide, upon the hydrogen 
bromide. The inhibition of the reaction by an antioxidant is presumably 
due to the ability of such a substance to act as a chain breaker. 

**For further discussion of abnormal additions to olefins, and for references to the 
original literature, see F. R. Mayo and C. Walling, Chem, Revs, 27, 351 (1940). 
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Abnormal additions of hydrogen bromide can be induced also by the 
action of ultraviolet light or of certain metals like iron.^® The light 
doubtless causes dissociation of the hydrogen bromide, or of some other 
component of the reaction mixture, into radicals; the metal probably 
reacts with the acid to form hydrogen atoms which can initiate the 
chains. 

The abnormal addition of hydrogen bromide is possible mth most 
olefins in which the ethylenic double bond is not conjugated with a car¬ 
bonyl group. Abnormal additions of hydrogen chloride or of hydrogen 
iodide, however, do not ordinarily occur with such olefins.^^ When a 
compound contains the grouping -C=C—C=0, the addition of any 

V . Ill 

hydrogen halide HX always gives a product with the grouping 

~-CX—CH—C/= 0 , regardless of the identity of the halogen X, regardless 

III 

of the presence or absence of oxygen, peroxides, or antioxidants, and re¬ 
gardless of IVIarkownikofTs rule. The reason why, with ?/^?.conjugated 
olefins, hydrogen chloride and hydrogen iodide behave differently from 
hydrogen bromide is prc^^sumably that, with hydrogen chloride, the re¬ 
action analogous to 15-35 is slow bc^cause the hydrogen-chlorine bond is 
so strong; whereas, with hydrogen iodide, the reaction analogous to 15-34 
is slow because the carbon-iodine bond is so weak. A few other reagents, 
such as mercaptans, thioacids, and bisulfites can also add abnormally to 
olefins in the presence of oxidizing agents.^® 

A further reaction, which bears some resemblance both to the polymer¬ 
ization of olefins and to the abnormal addition of hydrogen bromide, 
can be illustrated by the addition of, for example, bromotrichloro- 
methane CBrCla to an olefin. Thus, if both styrene, I, and a few mole 
per cent of acetyl peroxide, XIII, are dissolved in this halogen compound, 

CII 3 —CO—O—0—CO—CHs Cells—CHBr—C^Ha—CCla 

XIII XIV 

and if the solution is then warmed to G0°-70°C for 4 hours, a good 3 deld 
of l,l,l-trichloro-3-bromo-3-phenylpropane, XIV, is obtained.**® A 
second product which is formed at the same time is a high-boiling mate¬ 
rial that doubtless contains more than one styrene residue per molecule. 
(In the reaction with bromotrichloromethane, this high-boiling material 
is only a minor by-product; in the analogous reaction with carbon 
tetracliloride, on the other hand, the corresponding material is the major 

^ For some abnormal additions of hydrogen chloride to oleiins in the gas phase at high 
temperatures, see J. H. llaloy, F. F. Rust, and W. E. Vaughan, J. Am. Chem. Soc. 70, 
2767 (1948): W. E. Hanford and J. Harmon, U. S. 2,418,832; C.A. 42, 581 (1948). 

“ M. S. Kharasoh, O. Reinmuth, and W. H. Urry, /. Am. Chem. Soc. 69, 1106 (1947). 
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product.) Similar reactions take place with other olefins, such as 1 - 
octene, propylene, ethylene, and isobutylene; and with other halogen 
compounds, such as carbon tetrachloride, carbon tetrabromide, chloro¬ 
form, bromoform, and di- and trichloroacetic acids. These reactions 
occur also in the absence of the acetyl peroxide if the solution of the 
olefin in the halogen compound is irradiated with ultraviolet light; or 
if (with bromotrichloromethane, but not with the other halogen com¬ 
pounds named) the acetyl peroxide is replaced by a mixture of iodine 
and either magnesium or Raney nickel. The action of the ultraviolet 
light doubtless produces free radicals photochemit^ally; the mixture of 
iodine and a metal probably contains a free radical like Mgl. 

The reactions just mentioned have every appearance of proceeding by 
radical chains. A reasonable mechanism for the addition of, for ex¬ 
ample, bromotrichloromethane to styrene is given in equations 15*3(5- 
16*39. The material of higher molecular weight, which is also obtained, 


CHa— CO—O—O—CO— CH 3 2CIT3 + 2CO2 (15*36) 

CH 3 -f CBrCla ClisBr + CCI 3 (15*37) 

CCI 3 + CeHs—CH=CH 2 C 0 H 5 —ClI—CH 2 —CCI 3 (15*38) 

CeHs—CH—CH 2 —CCI 3 + CBrCls 

CeHs—CHBr—CH 2 —CCI 3 + CCI 3 (16*39) 

probably contains the polymerized styrene that would have been formed 
in the absence of the halogen compound (cf. equations 15*30-15*33), 
and also some such further products as XV and XVI. These latter 


CfiHs—CHBr—CH2—CH—CH2— CCI3 

I 

CeHs 


CaHs—CHBr—CH2- 


XV 


XVI 


-CII—CH 2 - 

CaHg 


—CCI3 

2 


substances could result from the reactions of equations 15 •40-15 *43, 


CaHs—CH—CHa— CCI3 + CaHs—CH=CH2 


CaHs—€H—CH 2 —CH—CHs—CCls (16-40) 
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CgHs—CH—CHa—CH—CHa—CCI 3 + CBrClg ^ 

I 

CeHs 

CeHs—CHBr—CHa—CH—Clla—CCI 3 + CCI 3 ( 15 - 41 ) 

I 

Cells 

XV 

CeHs—CH—CHa—CH—CHa— CCI 3 + CeHs—CH=CHa 

I 

CeHs 


CeHs—CH—CHa— 


CeHs—CH—CHa— 


—CH—CHa- 

I 

CeHs 


-CH—CHa—1—CCI 3 

, I 

L CeHs Ja 
--CCI3 + CBrCla 


CeHs— CHBr— CHa- 


—CH—CHa- 

, I 

L Cells 

XVI 


l—CC13 + CC13 
2 


(16-42) 


(15-43) 


where the original radical of equation 15-40 is the one formed in equa¬ 
tion 16-38. 

A number of Grignard reactions, which take place in the presence of 
metallic salts, also appear to involve radical chains. One example will 
be sufficient. If phenylmagnesium bromide is treated with bromoben- 
zene, no reaction occurs. However, if 3-10 mole per cent of cobaltous 
chloride C 0 CI 2 is also present, an excellent yield of biphenyl, XVII, is 

XVII XVIII 


obtained.^® The by-products include benzene, p-terphenyl, XVIII, 
p-quaterphenyl, XIX, and other high-boiling materials. That the 

yx yx 

XIX 


biphenyl is formed largely from the Grignard reagent and not from the 
bromobenzene is shown by the fact that this latter substance can be 
replaced by other organic bromides, such as p-bromotoluene or ethyl 
bromide, without any significant change in the yield of biphenyl. That 

^ M. S. Kharasoh and E. K. Fields, J, Am, Chem, 80 c, 63, 2316 (1941). 
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the bromobenzene is nevertheless altered in the reaction is shown by 
the fact that its bromine is found by titration to be converted into 
bromide ion. The mechanism proposed by Kharasc^h and Fields is 
shown in ecpiations 15-44-15•4(). The phenyl radicals produced in 

Cell^MgRr + C 0 CI 2 (yirXJoCl + MgHrC!! (15-44) 

2 C 6 TI 5 C 0 CI CoHr^- Celb, + 2CoC\ (15-45) 

CoCl + CeHsBr -> CoClBr + CeHr, (15-46) 

reaction 15-46 apparently dimerize to form a small part of the biphenyl 
isolated, extract a hydrogen atom from th(^ solvent (ether) to form 
benzene, and react with benzene, biphenyl, p-terphenyl, and so on to 
form, respectively, biphenyl, p-terphenyl, p-quaterphenyl, and so on. 
(See also below.) The CoClBr formed in reaction 15-46 replaces the 
C 0 CI 2 consumed in reaction 15-44, so that the chain can continue. 

A number of other reactions are considered to involve free radic^als 
as intermediates, but not to proceed by any sorts of chain mechanisms. 
For example, if sodium benzene diazotate, XX, X-nitrosoacetanilide, 

Cells— N=N—ONa Cells—N(XO)—(X)—CIl3 

XX XXI 

XXI (which is tautomeric with benzimediazonium acetate, XXII), or 

CeHs—N2+Os-C—CH3 CeHs—CO—O— 0 —CX)—(^eHs 

XXII II 

benzoyl peroxide, II, is decomposed thermally in the presence of benzene, 
more or less biphenyl, XVII, is formed.^® The reaction of sodium 
benzene diazotate is commonly classified with all others of the same type 
as a Gomberg reaction. If toluene, XXIII, or nitrobenzene, X^IV, is 

CeHs—CH3 CeHs—NO2 

XXIII xxiv 

used instead of benzene, a monosubstituted biphenyl is obtained. In 
each instance, therefore, one of the two phenyl groups in the product 
comes from each reagent. The reactions can therefore be considered 
to be substitutions brought about in the benzene, toluene, or nitro¬ 
benzene, respectively, by the reagent that is thermally decomposed. 
These substitutions are, however, significantly different from such 
familiar ones as nitration and halogenation, because they obey entirely 
different rules of orientation. Thus, although the methyl and nitro 
groups are ordinarily considered to be, respectively, ortho-para and meta 

Cf. D. H. Hey and W. A. Waters, Chem. Revs. SI, 169 (1937); D. H. Hey, Ann. Repta, 
Progress Chem. (Chem, Soc. London) 37, 268 (1940), 
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directing, both are ortho-para directing in the reactions which are now 
being dis(*Aissed, since the major products are, respectively, the o- and 
/>-rnethylbiphenvls, XXV, and XXVI, and the o- and p-nitrobiphenyls, 

0<Z> 

CHT 

XXV XXVI 


XXVII and XXVIII. All substituent groups, in fact, regardless of their 




NOo 


XXVII 




XXVIII 


normal orienting effects, are found similarl 3 ^ to l)e ortho-para directing. 
Largely for this reason, the reacjtions now under discussion are considered 
to proceed b^" a dissociation of the sodium benzene diazotate, N-nitroso- 
acetanilide, or benzoyl peroxide into phenyl radicials, Avhich then attack 
the benzene, toluene, or nitrobenzene molecules. Since no chains are 
involved, stoichiometric (and not merely ‘^catalytic^^) quantities of all 
reagents are required. 

Alkyl, as well as aryl, groups can sometimes be introduced into an 
aromatic ring (in poor yield). Thus, when a solution of trinitrotoluene, 
XXIX, and acetyl peroxide, XIII, in acetic acid is refluxed, a small 


CH3 

OsNi^^NnOz 


N02 

XXIX 

Cllg 

OoN/NnOs 


CHa—CO—0—0—CO—CH 3 

XIII 


\/ 

NO2 

XXX 


'CH3 


Pb(02C—CH3)4 

XXXI 


quantity of trinitro-m-xylene, XXX, is obtained. Several other nitro 
compounds have been methylated in a similar manner. The acetyl 
peroxide, moreover, can be replaced by lead tetraacetate, XXXI. It 

® For a theoretical discussion of orientation with respect to the different types of re¬ 
agent, see G. W. Wheland, The Theory of Resonance, John Wiley and Sons, New York, 
1944, section 8*11. 

®*L. F, Fieser, R,. C. Clapp, and W. H. Daudt, /. Am, Chem, Soc* 64, 2052 (1942). 
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may be presumed that the active methylating agent in either type of 
reaction is the free methyl radical. (See also below.) 

"^en a solution of a(?etyl peroxide, XIII, in acetic acid is refluxed 
(without any trinitrotoluene or the like), succinic acid, XXXII, methane, 


CH2—CO2H 

CH2—CO2H CH3—CO2CII3 CH2CI—CO2H (CH3)2CII—CO2H 

XXXII XXXIII XXXIV XXXV 


carbon dioxide, and a trace of methyl acetate, XXXIII, are formed.®^ 
On the basis of the peroxide decomposed, the yield of succinic aiud is 
about 50 per cent. If the solvent used is chloroacetic acid, XXXIV, or 
isobutyric acid, XXXV, instead of acetic acid, the dibasic acid produced 
is not succinic acid, XXXII, but is instead dichlorosuccinic acid, 
XXXVI, or tetramethylsuccinic acid, XXXVII, respectively. The most 

CHCl—CO 2 H (CH 3 ) 2 C—CO 2 H 

I I 

CHCl—CO 2 H (CH3)2C-C02H 

XXXVI XXXVII 


reasonable mechanism of the reaction is the one shown in equations 
15 • 47-15 • 49. (Of. also equation 15 • SO.) The methyl acetate is possibly 


CHs—CO—O— O—CO—CH3 CH3—CO— 6: + CH3 + CO2 

(15-47) 

CH3 + CH3—CO2H CH4 + CH2—CO2H (15-48) 


2 CH 2 —CO 2 H HO 2 C—CH 2 —CH 2 —CO 2 H 

(15-49) 


formed from the acetate radical CH3 —CO—0:, either by dispropor¬ 
tionation or by reaction with unchanged acetyl peroxide. The acetate 
, radical c^n also, of course, decompose further into carbon dioxide and 
the m^<!hyl radical, as is presupposed in equation 15-36. (Cf. equation 
15below.) 

The Kolbe synthesis of a paraffin hydrocarbon by electrolysis of the 
salt of a carboxylic acid probably involves free radicals as intermediates. 
Thus, the production of ethane from sodium acetate may be interpreted 

[ M. S. Kharasch and M. T. Gladstone, J, Am, Chem, 80 c, 65, 16 (1943). 



Sec. 15*5 Short-lived Free Radicals in Solution 673 

in the way shown in equations 15 *50-15 *52, where represents an 
CHa—C02~ CHs—CO 2 + (15*50) 

CH3—CO2 CHa + CO2 (15 -51) 

2 CII 3 CHa— CHa (15*52) 


electron. The acetate radical, which is formed at the anode by discharge 
of the acetate anion, decomposes into carbon dioxide and the methyl 
radical; the latter then dimerizes to ethane. If, as has been suggested, 
acetyl peroxide, XIII, or peracetic acid, XXXVIII, takes part in the 

CHa—CO—O—OH 

XXXVITI 

reaction, the conclusion that the ethane results from the union of methyl 
radicals is not necessarily affected, since these assumed substances would 
doubtless, themselves, decompose to methyl radicals. As by-products, 
which may be made the principal products by suitable modifications of 
the conditions, methane, methyl acetate, XXXIII, and methyl alcohol 
are also obtained. The methane does not result, as might have been 
supposed, from an attack by the methyl radical upon the solvent (water); 
it results rather from an attack by the radical upon unchanged acetic 
acid or acetate ion. This conclusion follows from the fact that the 
electrolysis of ^4ieavy’^ acetic acid CD 3 —CO 2 D in ordinary water H 2 O 
gives only ^‘heavy” methane CD 4 ; and that, conversely, the electrolysis 
of ordinary acetic acid CH 3 —CO 2 H in ^‘heavy’^ water D 2 O gives only 
ordinary methane CH 4 .^ 

As in the original paper by Clusius and Schanzor,®^ “heavy and ordinary acetic 
acid are here assigned th(} structures CDs — CO2D and CH3—CO2H, respectively. 
Actually, of course, since there is rapid interchange of the hydrogen atom of a hy¬ 
droxyl group OH and the deuterium atom of a deuteroxyl group OD, “heavy” acetic- 
acid in ordinary water is largely CD3—CO2H, and ordinary acetic acid in “heavy” 
water is largely CHs—CO2D. These considerations, however, have no effect upon 
the conclusions reached above. 

The sources of the methyl acetate and methyl alcohol arc not clear; 
possibly these substances are formed by direct union of the methyl 
radical with an acetate or hydroxyl radical, respectively. Alternatively, 
the methyl acetate might be formed from the acetate radical by dispro¬ 
portionation (see above), and the methyl alcohol might be formed from 
the methyl acetate by hydrolysis. In the electrolysis of the salts of the 

** K. Clusius and W. Schanzer, Z. t^ysik. Chem. A192, 273 (1943). For further studies 
of the mechanism of the Kolbe synthesis, see P. Holemann and K. Clusius, Z, phy^ik, 
Chem, B35, 261 (1937); W. Schanaer and K. Clusius, Z. pkyHk, Chem. A190, 241 (1942); 
A. Kruis and W. Schanzer, ibid, A191, 301 (1942); and also referenoe 55. 
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higher carboxylic acids, olefins also are formed; potassium propionate, 
for example, usually gives more ethylene than it gives butane. Since 
little, if any, ethane is formed simultaneously, only a small part of the 
ethylene, at most, can result from the dispr()})ortionation of the ethyl 
radical; the major source of this olefin is f hoi-ofore somewhat obscure. 

Electrolysis of sodium a(;etate in acetic acid containing trinitrotoluene, 
XXIX, leads to the production of a small amount of trinitro-m-xylene, 

XXXIX XL 


XXX.The methyl radical, when prepared eloctrolyticaUy, is therefore 
seen to react in the same way that it does when prepared by the thermal 
decomposition of acetyl peroxide or of lead tetraacetate. (See above.) 
Moreover, electrolysis of benzoic acid in pyridine^, XXXIX, gives some 
4-phenylpyridine, XL (together with other products).*'^® 

When a solution of sodium ethyl Na(' 2 II 5 in zinc diethyl Zn(C. 2 ll 5)2 
is electrolyzed, a mixture of ethane and ethykuie is liberated at the 
anode.These hydrocarbons doubtless result from the disproportiona¬ 
tion of the ethyl radical that is formed by the discharge of the ethide 
anion C 2 H 5 ~ If the anode is made of lead, lead tetraethyl Pb(C 2 H 5)4 
is also formed. Moreover, electrolysis of n-propylmagnesium bromide 
in ethyl ether provides propane, propylene, n-hexane, ethylene, and 
various other products.The first three of these substances must be 
derived from the propyl radical liberated at the anode, whereas the 
ethylene may result from the attack by this radical upon the solvent. 

Free radicals can be produced electrolytically not only at the anode 
but also at the cathode. The reduction of acetone, XLI, at a mercury 

CH3— CO— CH3 

XIJ 


cathode, for example, gives some mercury diisopropyl, XLTT; possibly. 


Hg[CH(CH3)2]2 

XLII 


(CH3)2C- C(CH3)2 


OH OH 

XLIII 


“ P. Holemann and K. Clusius, Ber, 70, 819 (1937). 

“F. Fichter and H. Stenzl, Helv. Chim. Acta 22, 970 (1939). 

F. Hein, E. Petzclmer, K. Wagler, and F. A, Segitz, Z. anorg. aUgem, Chem, 141, 161 
(1924). 

“ W. V. Evans and D. Braithwaite, J. Am. Chem. Soc. 61, 898 (1939), 

**C. J. Haggerty, Trans. Am, Blectrochem. Soc, 66, 421 (1929). 
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the initial product is the isopropyl radical CH(CTf 3 ) 2 , which then reacts 
with the metal of the electrode. Since pinacol, XLIII, is a further 
product of the electrolytic reduction of acetone, the existence of the 
radical ion, XLTV, or of the neutral radical, XLV, is also suggested. The 

(CH3)2C—0“ (CH3)2C—OH 

XLIV XLV 

nonelectrolytic formation of pinacol (for (example, by reduction of 
acetone with amalgamated magnesium) may also involve one or both 
of these latter radicals. (See Section 15* IG.) 

15*6 The Early History of Aliphatic Chlorination. Each of 
the two prec;eding sections contained references to the gimeral reaction 
in which a hydrogtm atom in th(i molecule of an aliphatic compound is 
replaced by a chlorine atom. This reaction is an important one, not 
only because of its practical utility and theoretical interest, but also 
because of the vital role which it played in the development of chemical 
strucjtural theory; hence, a bri(^f digression into its early history is here 
not entirely out of place. 

One evening, during the reign of King Charles X of France, the guests 
who were attending a party at the Tuileries were greatly annoyed by 
the fact that the candles gave off irritating fumes and large quantities 
of smoke. Dumas, who was at that time one of the leading French 
chemists, was asked to investigate the matter. He soon established that 
the irritating fumes were composed of hydrogen chloride; on pursuing 
the problejm further, he found also that the candles had been bleached 
with chlorine and that they contained organically bound chlorine. Ilis 
interest in the action of elementary" chlorine upon organic substances 
being thus aroused, he then embarked upon a systematic study of the 
reaction. In the course of his investigations, he proved that chlorine 
can enter into a great many organic substances besides candle wax, and 
that it does so by replacing part (or all) of the hydrogen which was 
originally present. Moreover, since he found that the chlorinated prod¬ 
ucts were usually rather analogous in chemical and physical properties 
to the respective substances from which they were made, he concluded 
further that the replacement of a hydrogen atom by a chlorine atom is 
not necessarily accompanied by any drastic change in what would now 
be called the structure of the molecule. 

This section is, in part, based upon H. B. Friedman, J, Chem, Education 7, 633 (1930); 
cf. also A. W. Hofmann, Ber, 17, Ref., 629, 667 (1884). 
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In the light of present-day chemical knowledge, these discoveries by 
Dumas may seem rather uninteresting and, in fact, almost trivial. At 
the time when they were made, however, they were revolutionary, 
because they were irreconcilable with the only scientific theory of chem¬ 
ical binding which had as yet been proposed. This theory, the so-called 
dualistic theory of Davy and Berzelius,®^ related all chemical forces 
to the attractions between electric charges with opposite signs. Thus, 
sodium atoms were considered to be positively charged (or perhaps 
merely to acquire positive charges when they approach other atoms); 
oxygen atoms, on the other hand, were considered to be negatively 
charged. Hen(;c, sodium oxide Na 20 was thought to result, in an obvious 
manner, from the electrostatic attractions among the constituent atoms. 
(For the sake of convenience, modern atomic weights and empirical 
formulas are used here and throughout this paragraph.) Similarly, 
sulfur trioxide SO 3 was thought to be formed by the union of positive sul¬ 
fur and negative oxygen atoms. The neutralization of charge was not 
considered, however, to be always complete. Since the positiveness of 
sodium atoms was supposed to be greater than the negativeness of 
oxygen atoms, sodium oxide was thought to have a residual positive 
charge; since the positiveness of sulfur atoms was thought to be less 
than the negativeness of oxygen atoms, sulfur trioxide was similarly 
thought to have a residual negative charge. The positive sodium oxide 
and the negative sulfur trioxide were then supposed to unite to form 
sodium sulfate Na 20 + SO 3 (or, in modern notation, Na 2 S 04 ). The 
sodium oxide was then the “base^^ which neutralized the “acid” sulfur 
trioxide. By an obvious extension of this procedure, a logical and seK- 
consistent explanation could be given for the formation of even such a 
complex substance as the alum Na 2 S 04 *Al 2 ( 804 ) 3 - 241120 . 

On the basis of Davy and Berzeliuses dualistic theory, the idea that 
a “negative^e chlorine atom can replace a “positive’e hydrogen atom with¬ 
out an essential change in the constitution of the molecule is, of course, 
quite unacceptable. Berzelius and his supporters, in the attempt to 
preserve their theory, therefore tried for several years to explain Dumas^s 
observations by assuming that the way in which the chlorine-substituted 
molecules are built up from their atoms is entirely different from that 
in which the corresponding unsubstituted molecules are built up. 
Since, however, all these attempts were ultimately unsuccessful, the 
dualistic theory was finally abandoned. 

For further details, see any book on the history of chemistry. 
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The reason for the failure of the dualistic theory became apparent when, in the 
first decades of this century, the distinction between electrostatic and covalent 
binding was at last recognized. (See Sections 1-3“T12.) Clearly, in fact, since 
this theory can satisfactorily account for only the interactions between oppositely 
charged ions, it cannot explain the existence of covalent forces. At the present 
time, of course, the dualistic theory (when properly re-expressed in modern terms) 
is again acceptiid as valid within the limited field to which it is particularly 
suited. 

The substitution theory^ which succeeded the dualistic theory, was 
based on the assumption that an atom of one element can be replaced 
by an atom of almost any other element without a significant change in 
the properties of the substance. Since the true atomic weights of the 
various elements had not yet been established, and since the concepts 
of valence and of structure (as they are now understood) were still 
extremely rudimentary, this assumption was not entirely unreasonable. 
Some of the enthusiastic proponents of the theory, however, carried the 
idea to extremes which, even at the time, w’^ere recognized by the more 
sober chemists as absurd. 

In the course of the bitter controversies which ensued, the eminent 
German chemist Wohler composed a satirical letter, in which he ridiculed 
the extreme claims that were then being made by some adherents of the 
substitution theory. Although he had apparently intended this letter 
for only private circulation, his close friend and associate, Liebig, pub¬ 
lished it in Annalen der Chemie wid Pharmacie (now called Justus 
Liebigs Annalen der Chemie), of wdiich Liebig and Wohler were then 
editors. Sin(‘,e Paris was the chic^f center of the views which he wished 
to ridicule, Wohler wrote his letter in French (rather than in German 
which was then, as it is now, the usual language for articles in the 
Annalen) ; and he gave his address as Paris. Moroever, in order to make 
his purpose especially clear, he signed his name as “S. C. H. Windier.^' 
(The German word Schwindler means both swindler and humbug.) 
Since the letter is rather amusing, a translation of it is given below. The 
various chemical formulas, which are expressed in the notation of the 
dualistic theory, are not modernized. The interpretation of these 
formulas is, however, apparent if it is remembered that that of manga¬ 
nous acetate, for example, was expressed as MnO + C 4 H 6 O 3 or, in 
more modem symbols, as MnO + CH 3 —CO—0—CO—CH 3 ; the MnO 
is here the ^^base^’ and the CH 3 —CO—0—CO—CH 3 is the ‘^acid’’ from 
which the salt is considered to be formed. 

•*S. C. H. Windier (F. Wohler), Ann. 83, 308 (1840). The translation of this letter 
which is given here is adapted, with permission, from the one of H. B. Friedman (reference 
60). 
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Concerning the Law of Substitution and the Theory of Types * 

Paris, March 1, 1840 
Sir: 

I hasten to communicate to you one of the most striking facts of organic chemistry. 
I have verified the theory of substitution in an extn^mely niinarkable and completely 
unexix'cted manner. It is only now that one can apprticiate the great value of this 
ingenious theory and that oru^ can dimly fores(*(> the trf*mendous disfroveries which 
it promises to rcjalize for us. The dis(!overy of chloroaci^tie. acid and the constancy 
of tyjxi in the chlorinated compounds derived from ether and from ethyl chloride 
have led me to experiments Avhich I shall now describe. I allowed a stream of chlo¬ 
rine to pass through a solution of manganous act^tate under the din^ct influeiure of 
sunlight. AfU‘r 24 hours, I found in the liquid a fine crystallization of a yellow salt 
with a violet tint. The solution contained only t he same salt and hydrochloric acid. 
I have analyzed this salt; it- is manganous chloroacetate. So far nothing extraordi¬ 
nary, a simple substit ution of tlui hydrogen of acetic acid by an equivalent amount 
of chlorine, already known from the beautiful researches on chloroacetic acid. This 
salt, heated to 110 “ in a stream of dry chlorine, was conv(‘rted with liberation of 
oxygen gas into a new golden yellow compound, the? analysis of which Itxl to the 
formula MnCU + C 4 CI 6 O 3 for its composition. There was thus substitution of the 
oxygen of the bas(^ by chlorine, as has biHMi observed in a gn^at many circumstanc(5S. 
The new substance was dissolv(Ml in v(Ty pure chloral with th() aid of heat, and I 
made use of this liquid, unaffected by chlorine, to continue the treatment by that 
reagent. I let dry chlorine flow for four hours, keeping the liquid always very near 
its boiling point. During this time, a white material c(mstantly precipitated; this 
was found on careful examination to be manganous chloride. Wlien there was no 
further precipitation, I cooled the liquid for some time, and I obtained a third sub¬ 
stance in [the form of] silky yellow needles with a green cast. It was C 4 CI 10 OL, or, 
in other words, it was manganous acetate in which all the hydrogen and the man¬ 
ganous oxide were replaced by chlorine. Its formula ought to be written as CI 2 CI 2 + 
C 4 CI 6 O 3 . There W( 3 re thus six atoms of chlorine in the acid, the four other atoms 
repiesenting manganous oxide. Like hydrogen, manganese and oxygen can be 
replaced by chlorine; one could see nothing surprising in this substitution. 

But this is still not the end of this remarkable series of substitutions. On allowing 
chlorine again to act upon a solution of this material in water, there was a liberation 
of carbonic acid, and on cooling the liquid to -i“2° there was deposited a yellowish 
mass formed of small plates, closely resembling the hydrate of chlorine. Also, it 
contained only chlorine and water. But, on measuring the dcinsity of its vapor, I 
have found that it was formed from 24 atoms of chlorine and 1 atom of water. Here 
then was the most perfect substitution of all the elements of manganous acetate. 
The formula of the substance must be expressed as CI 2 CI 2 + ClsCleCle + aq. 
Although I know that in the bleaching action of chlorine there is replacement of 
hydrogen by chlorine, and that the fabrics, which are bleached in England according 
to the laws of substitution, conserve their type, t I believe nevertheless that the 
replacement of carbon by chlorine, atom for atom, is a discovery which belongs to 
me. Please make? note in your journal and accept, etc. 

S. C. H. WiNDLER 

♦ Communication by letter to J. L. 

II have just learned that in the shops of London there are already fabrics of spun 
chlorine, very much in demand in the hospitals and preferred over all others for night caps, 
drawers, etc. 
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As a result of the attacks upon it by Wohler and by others, the substi¬ 
tution theory soon gave way to a succession of type theories, which in turn 
were at last replaced by the modem structural theory. These later de¬ 
velopments, however, need not here be further described since they are 
not so dire(;riy concerned with the siibstitution n^uitions of aliphatic 
compounds.^* 

It should be noted that the substitution, type, and (early) structural 
theories were, in one important respect, less complete than the dualistic 
theory which they replaced. That is to say, they contained no explana¬ 
tion for the (covalent) bonds which they assumed to exist. Not until 
the application of quantum-mechanical methods to the problem, in 
fact, was this problem finally solved. (C'f. Sections 1*8, 10-4, and 10 • 5.) 

15*7 Some Simple Inorganic Free Radicals of Long Life. In 
addition to the short-lived free radicals discussed in the preceding sec¬ 
tions, a number of long-lived radicals are also known; such substances 
can be isolated and kept more or less indefinitely without significant 
change. Although the majority of these long-lived free radicals are 
complex organic substances, a few of them are simple inorganic com¬ 
pounds. Indeed, the longest known and most familiar of all the free 
radicals that are now recognized belong to this latter type. 

A molecule of nitric oxide NO contains an odd number of electrons; 
the substance is necessarily, therefore, a free radical even though it is 
not strongly colored, and even though it has no great tendency to 
dimerize. Gaseous nitric oxide is generally considered to be colorless 
and completely monomeric; on the other hand, the compound in the 
liquid and solid states is light blue and appears to be largely dimeric.®’ 
Nitric oxide is probably a resonance hybrid of structures I and II. 


:N::0: 

I 


:N: :0: 

II 


+ 


Like many other free radicals, it reacts with oxygen; the reaction is, 
however, anomalous in that the product, nitrogen dioxide NO 2 is a 
second free radical which is more obviously colored than is the original 
free radical. Moreover, nitric oxide combines with many organic free 
radicals to form stable products. (See the following sections.) 

Nitrogen dioxide NO 2 also has an odd number of electrons per mole¬ 
cule; hence it also is a free radical. This compound is colored and, even 
in the gaseous state, exists in equilibrium with its less colored dimer, 

Cf. H. L. Johnston and W. F. Qiauque, J. Am. Chem. Soc. 51, 3194 (1929); E. Lips 
Helv. Phys. Acta 8, 247 (1935); H. Bizette and B. Tsai, Compt. rend. 806, 1288 (1938). 

« L. Pauling, J. Am, Chm, J$oc, 63, 3226 (1931). 
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nitrogen tetroxide N 2 O 4 . The monomeric radical probably resonates 
among such structures as III-VI.®^ Further simple inorganic free radi- 


: 0 ; 




:6:N: :0: 


:0::N:0: 


:0:N::0: 


III 


IV 


V 


VI 


cals include chlorine dioxide CIO 2 , which may resonate among structures 
VII-IX/^ and the superoxide ion (> 2 “, which must resonate between 


+ + 

+ 

4- 



:0:C1:0: 

:6:C1:0: 

: 0 :ci: 0 : 

:6:0: 

:0:0: 

VII 

VIII 

IX 

* X 

XI 


structures X and XL®® Both chlorine dioxide and the superoxide ion 
(as in potassium superoxide KO 2 ) are colored; the former is yellow, 
whereas the latter is orange. Neither the molecule nor the ion, however, 
associates to a dimer. 

15*8 Triarylmethyls. The organic free radicals of long life were 
discovered a number of years before the simpler ones of short life. The 
first such radical to be prepared and to be recognized as such was tri- 
phenylmethyl, I. 

(CeH5)3C- 

I 

In the last years of the nineteenth century, Gomberg was interested 
in the completely phenylated paraffin hydrocarbons; after having 
successfully prepared tetraphenylmethane, II, he next turned his atten- 

(C6H6)4C (C6H5)3C—C(C6H5)3 (C6H5)3CBr (C6H6)3CC1 

II III IV V 


bion to hexaphenylethane, III.®^ In his first attempt to synthesize this 
compound, he treated triphenylmethyl bromide, IV, with metallic 
sodium. Since this procedure proved unsatisfactory, and since triphenyl¬ 
methyl chloride, V, gave no better results than the bromide, he next 
replaced the sodium by ^^moleculaF^ (i.e., very finely divided) silver. 
Under these conditions, he obtained a white, high-melting solid that was 
only slightly soluble in any of the usual organic solvents. He presumed 
that this product was the desired hexaphenylethane. On analysis, 
however, he found that its contents of carbon and of hydrogen were too 
low. At first, he suspected that the combustion of the compoimd was 
incomplete; but, after many unsuccessful attempts to increase the 

® L. 0. Brockway, Proc. Nail, Acad, Sci, U. S, 19, 303 (1933). 

* E. W. Neuman, J, Chem, Phye, 2, 31 (1934). 

» M. Gomberg, Per. 38, 3160 (1900); /. Am. Chem, 80 c, 22, 767 (1900). 
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measured percentages of carbon and hydrogen, he at last concluded that 
the substance contained oxygen, and so was not a hydrocarbon after all. 

The oxygen in the product could have come from either one (or both) 
of only two possible sources; it might have come from an impurity in 
the silver used, or it might have come from the air. Experiments with 
carefully purified silver, however, gave the same oxygenated product as 
before; moreover, in still further experiments, in which metallic zinc or 
mercury was used instead of silver, he again obtained this same product. 
Since it was therefore evident that the oxygen must have come from the 
air, Gomberg next carried out the reaction in an atmosphere of carbon 
dioxide. In this way, he obtained a white solid hydrocarbon, which 
dissolved readily in organic? solvents to form yellow solutions, and 
which absorbed oxygen rapidly from the air with production of the above 
relatively insoluble white compound. 

The propc^rties of the new oxygen-free substance were found to be 
very different from the ones expected of hexaphenylethane, III. Thus, 
as has already been mentioned, the compound is colored when in solu¬ 
tion, and it absorbs cjxygen from the air. The product formed in this 
reaction with oxygen was identified as the peroxide, VI, by its prepara- 

(CoH5)3CW)~-0-C(C6ll5)3 (C6li5)3CI 

vr vn 

lion from triphenylmethyl chloride, V, and sodium peroxide Na202. 
An unexpected rc?ac?tio]i takes place also with elementary iodine; the 
product in tliis instance is triphenylmethyl iodide, VII. Chlorine and 
bromine behave like iodine; but, with these more active halogens, the 
reactions arc more extensive, and substitutions as well as additions occur. 

On the basis of the properties just described, Gomberg concluded that 
his hydrocarbon was not hexaphenylethane. III, but the free radical, 
triphenylmethyl, I. For a while, the subsequent work in the field tended 
both to support and to discredit this bold hypothesis. On the one hand, 
several further reactions of the compound were discovered; thus, the 
actions of nitric oxide, nitrogen dioxide, diazomethane CH 2 N 2 (cf. page 
742), and hydrogen in the presence of platinum were found to give, 
respectively, triphenylnitrosomethane, VIII, a mixture of triphenyl- 

(C6H5)3CN0 (C6H5)3C—ONO (CeH5)3CN02 

VIII IX X 

methyl nitrite, IX, and a little triphenylnitromethane, X, 1,1,1,3,3,3- 
hexaphenylpropane, XI, and triphenylmethane, XII. Moreover, several 

(C6H5)3C—CH 2 —C(CeH5)3 (C6H5)3CH 

XI XII 
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analogous hydrocarbons, in which one or more of the phenyl groups are 
replaced by other aromatic groups, were prepared and were found to 
have entirely similar properties (see below). In all these reactions of the 
supposed hexaarylethanes, the central carbon-carbon bonds seem to be 
so extraordinarily weak that they may logically be considered already 
broken. On the other hand, however, cryoscopic measurements of the 
molecular weight led to values that were in better agreement with the 
assumption that the original oxygen-free compound was hexaphenyl- 
ethane, III, than they were with the assumption that it was triphenyl- 
methyl, I. Thus, in 1904 Gomberg and Cone studied solutions in six 
different solvents under an atmosphere of nitrogen. They obtained 
molecular Aveights varying erraticallj^ from 412 to 532.5, and their 
average molecular weight was 477. The theoretical molecular weight 
of hexaphenylethane is 486; that of triphenylmethyl is 243. Although 
the experimental valuers obtained by Gomberg and Cone are obviously 
not precise, they strongly suggest that the compound is, at any rate, 
not pure triplienylmc^thyl. Finally, the situation was obscured further 
by the fact that, under the influence of various reagents, such as hydro¬ 
gen chloride in dry benzene or metallic sexiium in dry ether, the com¬ 
pound is irreversibly transformed into the stable hydrocarbon, p-benz- 
hydryltetraphenylmethane, XIII; this substance Avas frequently mis- 

(C6H5)2CH<(^ ^C(CcH5)3 

XIII 


taken for hexaphenylethane. 

In spite of the difficulties and apparent inconsistencies just mentioned, 
there was soon general agreement that Gomberg’s white oxygen-free 
solid is really hexaphenylethane, III, but that this compound in solution 
dissociates slightly into the yellow triphenylmethyl radical, I (equation 
15-53). The reactions with reagents like oxygen, nitric oxide, nitrogen 

(C6H5)3C—C(C6H5)3 2(C6H5)3C- (15*53) 

III I 

dioxide, and hydrogen are therefore readily explainable as due to the 
trace of radical present; when this small amount of radical is removed 
from the equilibrium mixture by reaction with any of these reagents, 
more radical is formed by the dissociation of the ethane, until finally 
the entire material has been converted. (However, see pages 687 f.) 
On the other hand, the observed high molecular weight is also readily 
explainable as due to the great preponderance of hexaphenylethane over 
triphenylmethyl at equilibrium. (Cf. pages 690, 694.) 
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The evidence supporting the above interpretation of Gomberg's 
hydrocarbon seems completely conclusive. Although the dissociation 
of hexaphenylethane itself into triphenylmethyl radicals is too small to 
l)e proved by a cryoscopic determination of molecular Aveight, other 
hexaarylethanes are more highly dissociated. For example, the apparent 
molecular weight of l,l,2,2-tetraphenyl-l,2-di-Q:-naphthylethane, XIV, 


(CoH5)2C-C(CoH5)2 (C6H5)2C • 


a-C^ioHr a-CioH7 
XIV 


a-CioIIz 

XV 


in benzene (at the melting point of the solution) was reported by Schlenk 
to be 372 in a 2.7 per cent solution and 363 in a 2.3 per cent solution, as 
(compared with the theoretical values of 580 and 293 for the undissociated 
ethane, XIV, and radical, XV, respectively. In a more detailed study 
of this same substance in a number of solvents with different melting 
points, Gomberg and Schoepfle found that, in general, the apparent 
molecular weight increases with decreasing melting point of the solvent 
and, in any given solvent, with increasing concentration. Their values 
ranged from about 25() in a 1.1 per cent solution in naphthalene (80°C) 
to about 354 in a 2.7 per cent solution in nitrobenzene (6®C). Although 
these figures are again not very precise^ (cf. the following section), they 
are presumably good enough to show an appreciable dissociation of the 
ethane XIV. (Cf., however. Section 15*20.) Hexa-p~biphenylylethane, 
XVI, was considered by Schlenk, Weickel, and Herzenstein to be 

(p.C6H5-C6H4)3C-C(C6H4-CoH5-p)3 {p-C^lh-Ce^4)3C • 

XVI XVII 


completely dissociated into tri-p-biphenylylmethyl radicals, XVIT, since 
its apparent molecular Aveight in benzene was found to range betAveen 
434 and 487, whereas the calculated molecular Aveight of tri-p-biphenylyl- 
methyl, XVII, is 471. Furthermore, this compound is apparently dis¬ 
sociated even in the solid state, since it forms greenish black crystals, 
Avhereas the ethane XVI Avould be expected to be white. Phenyl-a- 
naphthyl-p-biphenylylmethyl, XVIII, Avas also considered by Schlenk 


CeHs—(>-~C6H4—CeHs-p 

a-CioH7 

XVIII 

to be completely monomeric since it closely resembles tri-p-biphenylyl- 
methyl, XVII, in its properties. 

« M. Gomberg and C. S. Schoepae, /. Am. Chem. Soc. 39, 1662 (1917); 41, 1655 (1919), 
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Further evidence supporting the belief that hexaphenylethane and its 
analogs are dissociated to a greater or less extent into free radicals is 
provided by the fact that solutions of these compounds often disobey 
Beeves This law applies to the absorption of monochromatic light 

by a solution of a colored substance in a colorless solvent. It can be 
stated most easily in the form shovm in equation 15*54, where I is the 

-- = lO—”^ (15-54) 

intensity of the light after it has passed through d centimeters of the 
solution; /o is the intensity of the light from the same source after it has 
passed through d centimeters of the pure solvent; m is the concentration 
of the solution in moles per liter; and € is the so-called molar extinciion 
coefficient, the value of Avhich varies with the colored solute and with 
the wave length of the light used, but not ^vith either the concentration 
m or the path length d. 

Actually, equation 15*54 expresses not only Boer^s law, but also LaniherVs law; 
the first of these two laws refers to the dependence of ///o upon the concentration 
m, whereas the second refers to the doixjndonce upon the path length d. Solutions 
of hexaarylethancis disobey only Bwr^s law. 

The significance of equation 15*54 can be explained with the aid of the following 
experiment. A vertical cylindrical tube contains a solution of some colored sub¬ 
stance (say, potassium permanganah^) in some colorless solvent (say, water); the 
intensity of the color is observed by allowing monochromatic light to pass lengtii- 
wise (i.e., vertically) through the tube. If, now, the solution in the tube is diluted 
by the addition of more solvent, the concentration m decreases, but the path length 
d increases in th(^ .same ratio. Since the produc^t rnd is therefore unaltered, the inten¬ 
sity of the color, obstwed in the same way as before, must also be unaltered if the 
solution obeys Beer’s law. This law then merely expresses the fact that the fraction 
of the light absorbed (i.e., 1 — ///o) is determined only by the number of colored 
molecules through which the light passes; this number is, of course, not affected by 
the addition of more colorless solvent. 

As was mentioned above, solutions of hexaphenylethane and its 
analogs do not obey Beer’s law. In particular, the extinction coefficients 
€ are not constants independent of the concentrations m; instead, they 
increase as the solutions are made more dilute. In other words, if the 
experiment described in the preceding paragraph were carried out with, 
for example, a solution of hexaphenylethane in ether, the observed 
intensity of the color would not remain constant but would increase on 
the addition of more solvent. (The experiment would, of course, have 
to be carried out in such a way that all traces of oxygen, halogens, strong 
acids, etc., are rigorously excluded.) Apparently, therefore, the number 

«J. Piccard, Ann, S81, 347 (1911); K. Ziegler and U Ewald, ibid, 473, 163 (1929). 
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of colored molecules increases when the solution is diluted, even though 
the total weight of solute remains unchanged. This behavior is exactly 
what would be expected if an equilibrium exists between the colorless 
hexaarylethane and the colored triarylmethyl radical (equation 15*53). 
With decreasing concentration, the equilibrium is required by the law 
of mass action to be displaced in such a direction that the number of 
solute molecules is increased; hence the degree of dissociation of the 
ethane is required to increase. (For further discussion of this colori¬ 
metric method of demonstrating the dissociation of a compound into 
free radicals, see pages 689 ff.) 

^The most conclusive evidence for the existence of free radicals of long 
life has been obtained from studies of magne.ti(i properties. (Cf. page 
417.) Free radicals, since they contain unpaired electrons, must be 
attracted by a magnet (i.e., they must be paramagnetic). In this re¬ 
spect, such substances differ from practically all others which are not 
free radicals, and which therefore contain no unpaired electrons. Conse¬ 
quently, a measurement of the magnetic susceptibility (cf. pages 691 f.) 
of a substance is sufficient to decide the question Avhether .the sub¬ 
stance is, or is not, a free radical. Thus, Taylor found that 1,1,2,2- 
tetraphenyl-l,2-di-a-naphthylethane, XTV, in benzene is appreciably 
less diamagnetic than it should have been if it consisted solely of mole¬ 
cules with structure XIV; he concluded, therefore, that a certain amount 
of the paramagnetic? diphenyl-a-naphthylmethyl radical, XV, was also 
present. More recently, this magnetic method has been refined and 
greatly extended, so that it is now the most reliable and the most 
generally useful one for the detection of free radicals. (For further 
details, see pages 691 ff.) 

15-9 The Degrees of Dissociation of Hexaarylethanes. The 

discussion in the preceding section has shown in a rather qualitative way 
that (in solution and sometimes also in the solid state) hexaarylethanes 
are to a greater or less extent dissociated into triarylmethyl radicals. 
Nothing has as yet been said, however, about the methods by which the 
degrees of dissociation may be measured quantitatively. 

The most obvious method by which such information might be ob¬ 
tained consists in a precise determination of the apparent molecular 
weight of the compound. Thus, if m moles of an ethane R—is dis¬ 
solved in 1 liter of solution, and if the fraction of this ethane which is 
dissociated into the radical R* is designed as a, then the concentrations 
of the ethane and of the radical are, respectively, m(l — a) and 2am 
moles per liter. The total number of moles of solute in 1 liter of solution 

^N. W. Taylor, /. Am, Chem, Soc, 48, 854 (1926). 
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is therefore m{\ — a) + 2am, or m(l + a). If, now, the molecular 
weight of the ethane is M, the apparent molecular weight Mapp is equal 
(equation 15-55) to mil/, the weight of solute in 1 liter of solution, 


M = 

app 


mM 

m(l + a) 


M 

1 + a 


(15-55) 


divided by m(l + a), the number of moles of solute in the same volume 
of solution. Since the true molecular weight, il/, of the ethane can be 
calculated from the molecailar formula, and since the apparent molecular 
weight Mapp can be measured experimentally, the degree of dissociation a 
can be determined from cither of the two equivalent cciuations 15-55 
and 15-50. 

a = - 1 (15-50) 

■^^app 


Although the above procedure appears to be simple and straight¬ 
forward, it has in practice proved to be far from satisfactory. The 
experimental errors in the determination of the apparent molecular 
weights Mapp seem always to be so great that the resulting degrees of 
dissociation a can at best be only approximately corre(^t. That some¬ 
thing, in any event, is seriously wrong with this method is shown most 
strikingly by the fact that not infrequently the measured apparent 
molecular weights are less than the molecular weight of the radical. 
For example, as was pointed out on page 683, Mapp for 1,1,2,2-tetra- 
phenyl-l,2-di-a:-naphthylethane at the melting point of its solution in 
naphthalene has been found to be about 256, since M for the same 
compound is 586, the degree of dissociation, when calculated by equa¬ 
tion 15-55 or 15-56 turns out, therefore, to be 1.3. A dissociation of 
130 per cent is, however, quite meaningless. At one time, Gomberg 
and Schoepfle suggested that the diphenyl-a-naphthylmethyl radicals 
themselves dissociate further into still smaller fragments; this interpre¬ 
tation, however, has been generally regarded as untenable. Several 
other hexaarylethanes, besides the tetraphenyldi-a-naphthylethane just 
mentioned, have been found cryoscopically to have apparent dissocia¬ 
tions greater than 100 per cent; hence it is evident that reliable quanti¬ 
tative data cannot be obtained by this method. (Cf. also Section 15 • 20.) 

Other, and still less satisfactory, methods for estimating the dissocia¬ 
tion of a hexaarylethane have also been used. If, for example, a solution 
of hexaphenylethane is exposed to the air for a very short time, its color 
is rapidly discharged as the radical is transformed into the peroxide. 
The color soon returns, however, as more of the radical is formed by the 
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dissociation of the remaining ethane. This process can be repeated 
several times before all the ethane has been destroyed. The disappear¬ 
ance and reappearance of the color show that, in the original solution, 
an appreciable fraction of the hexaphenylethane was undissociated. On 
the other hand, if a solution of hexa-p-biphenylylethane is similarly 
treated, the color does not come back even oncie. Evidently, therefore, 
only a relatively small fraction of this ethane can be undissociated. It 
might be supposed that this (pialitative method of estimating the degree 
of dissociation could be made more quantitative if the amount of oxygen 
required for the first discharge of the color is measured, and if the 
reasonable assumption is made that each molecule of oxygen that is 
absorbed accounts for the disappearance of two molecules of the radical, 
as in equation 15-57. Such a pro(^edure, however, could lead to no 

2R- + O 2 R—()™0-R (15-57) 

completely reliable results. In the first place, the rate at which the free 
radical is produced from the ethane is so great that, when the radical is 
“titrated^^ with oxygen, the end-point cannot be accurately judged. In 
the second place, equation 15-57 probably docs not describe the only 
way in which the oxygen reacts. Indeed, kinetic studies have strongly 
suggested (see the following paragraph in fine print) that the absorption 
of oxygen is at least partly a chain reac^tion proceeding in the steps shown 
in equations 15-58-15-00; if this mechanism is correct, therefore, the 

R—R 2R- (15-58) 

R- + O 2 R—0—Of (15-59) 

R—O—6: + R—R R—0—O—R + R- (15-60) 

assumption that each molecule of oxygen removes two of the originally 
present molecules of free radical R- is incorrect. If the absorption of 
nitric oxide NO were measured, rather than that of oxygen, the second 
of these two complications would apparently no longer exist (see below), 
but the first would probably still be of sufficient importance to make the 
method unsatisfactory. 

The rate at/ which nitric oxide NO is absorbed by a solution of hexaphenylethane 
is proportional to the concentration of hexaphenylethane; but, if the partial pres¬ 
sure of the nitric oxide over the solution is at least one atmosphere, the rate is inde¬ 
pendent of this partial pressure and nearly independent of the solvent.^^ Presum- 

^ K. Ziegler, P, Orth, and K. Weber, Ann. 504 . 131 (1933). 
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ably, therefore, the rate-determining step is the dissociation of the hexaphenylethane 
(equation 15 *58); the triphenylmothyl radicals then combine with the nitric oxide 
(equation 15*61) as fast as they are formed. Consequently, the rate of the absorp- 

R* +NO R—NO (15-61) 

tion of nitric oxide is (iqual to the rate of dissociation of the ethane (provided that 
suitable precautions are taken to avoid the complications due to side reactions and 
to the slight reversibility of rtiaction 15 *61.) The rate at which oxygen is absorbed 
is, however, greater tlian the rate at which nitric oxide is absorbed, and hence greater 
than the rate of dLssociation.’^* Consequcaitly, the reaction with oxygen cannot 
proceed solely by the steps 15*58 and 15*57, since the former of these is slower 
than the overall n'action. This conclusion suppoHs the above mechanism (equa¬ 
tions 15*58-15*60) for the oxidation of hexaphenyldhane. Additional support is 
provided by the fact that, in the presence of an excess of pyrogallol, I, hcxaphcnyl- 


(Cgll 5 ) 3 C—0—O—C (Cfillfi) 3 (Cfill 5 ) 3 C—O—O—^II 

II III 

ethane is not oxidized to triphenylmothyl jx'roxide, II, but instead to triphenyl- 
methyl hydroperoxide, Ill, whidi is presumably derived from the radical 

(06115)30—()— O I 
IV 

Under such conditions, one mole of oxygen is absorbed for each mole of triphenyl- 
methyl radical (not for each mole of h(^xaphenylethane), and the rate of the reaction 
Ss equal to the rate of absorption of nitric oxide (i.e., to the rate of dissociation of 
the hexaphenylethane). 

A different method for estimating the degree of dissociation of a hexa- 
arylethane is suggested by the fact that, although the ethane itself is 
usually colorless, the free radical derived from it is always colored. 
Consequently, an intensely colored solution may be presumed to contain 
a comparatively high concentration of free radical, and a weakly colored 
solution may be presumed to contain a comparatively low concentration 
of free radical. In general, however, different free radicals have quali¬ 
tatively different colors, and, under identical conditions, they absorb 
quantitatively different amounts of light. Consequently, no simple 
procedure based upon an observation of the color of a solution can lead 
to a reliable quantitative estimate of the extent of dissociation of any 
hexaarjdethane. (However, see below.) Possibly, the most significant 
information that can be obtained in this manner, without recourse to 

R. C. Mithoff and G. E. K. Branch, J. Am. Chem. Soc. 52, 255 (1930), 
w K. Ziegler and L. Ewald, Ann. 504, 162 (1933). 

Ziegler, L. Ewald. and A. Seib, Ann. 504, 182 (1933); K. Ziegler and P. Herte, 
ibid. 561, 206 (1942). 
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elaborate techniques, is that the color of the solution of a given ethane 
at a given concentration in a given solvent usually becomes more intense 
as the temperature is raised, and less intense as the temperature is 
lowered. It may be concluded, therefore, that the equilibrium is usually 
displaced toward the free radical at the higher temperature, and hence 
that the dissociation of the ethane is an endothermic reaction. More¬ 
over, the fact that solutions of diphenylbifluoryl, V, are colorless at 



room temperature and become bro\vn only at higher temperatures shows 
that the dissociation of this hexaiiiylethane is exceptionally small. 

The first really quantitative method developed for the determination 
of the degree of dissociation of a hexaarylethane may be considered an 
elaboration of the above ciualitative colorimetric one. As has already 
been noted, a solution of such a compound does not obey Beer’s law, since 
the extinction coefficient e of equation 15*54 is not a constant, independ¬ 
ent of the concentration. It may be presumed, however, that this 
anomalous behavior of the solution is due merely to the variation of a, 
the fraction of the ethane dissociated. If one liter of the solution is 
prepared from m moles of the hexaarylethane, the concentration of the 
free radical, whic.h is the only colored solute, is of course not m moles 
per liter, but 2ma moles per liter; consequently, the equation which 
would be expected to apply rigorously to the solution is not 15*54 but 
15 • G2. In this latter equation, e' is the true extinction coefficient of the 

L ^ lQ-2ma.'d ^5.g2) 

^0 

triarylmethyl radical; it, rather than c, the apparent extinction coeffi¬ 
cient of the hexaarylethane, is the quantity that ought to be independent 
of concentration. Like the apparent extinction coefficient €, this true 
one c' is a function of the wave length of the monochromatic light 
employed. 

If the value of e' at some specified wave length were known, then a 
could be calculated from the measured value of c at that same wave 
length; for, as is shown by a comparison of equations 15*54 and 15*62, 
the relation among and a is the one given in equation 15*63. Al- 

€ - 2a€' (15*63) 
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though the value of €' is not known at the outset, it can be obtained 
from a study of the dependence of e upon the concentration m. If the 
solution is made more and more dilute, a increases and, in fact, ap¬ 
proaches unity as m approaches zero. C^msc^cpiently, if the measured 
values of € are extrapolated to infinite dilution, c' can be set equal to 
one-half of the thus obtained limiting value. Since e' is then known, a 
can be calculated for each concentration m investigated. Moreover, 
the internal (umsistency of the experimental data and the accuracy of 
the derived value of c' can be presumed to be satisfactory if the equilib¬ 
rium constant X, defined in ecpiation 15*04, is really a constant inde- 


(R-)^ _ 4ahn 
(R - R) ” 1 - « 


(15*04) 


pendent of concentration. Since all the particles that take part in the 
equilibrium are electrically neutral, no interionic forces exist; conse- 
(luently, large deviations from the simple mass-law expression, 15*04, 
like the ones encountered in solutions of electrolytes, are not to be ex¬ 
pected here. Ziegler and liwald have found that K is indeed constant, 
within about ±5 per cent, in each of the sysb^ms which they studied. 

The only compound that has bcnai (extensively investigated by the 
above colorimetric method is hc^xaphenylethane; the data obtained are 
summarized in Table 15*1. The considerable variation of the equilib- 


TABLK 15*1 


Dissociation of Hexapiienyletiiane ® 



K X 10-* 

A/7 in heal 

Solvent 

at 20 

per mole 

Propionitrile 

1.2 

11.1 

Ethyl benzoate 

1.67 

12.0 

Acetophenone 

1.70 

11.5 

Dioxane 

2.5 

11.6 

Bromobenzenc 

3.7 

11.5 

I^thylent; bromide 

3.9 

11.4 

Benzene 

4.1 

11.3 

Chloroform 

6.9 

10.5 

Carbon disulfide 

19.2 

11.0 


* The data in this table are taken from K. Ziegler and L. Ewald, Ann. 473, 163 (1929). 


rium constant with the solvent is, of course, due to differences in the 
relative solubilities of the ethane and of the radical in the various solvents 
(cf. Section 14*6); there is, however, no independent way in which these 
solubilities can be measured. The fact that, in each solvent, the equi¬ 
librium constant K increases with the temperature shows that the disso¬ 
ciation of the ethane is endothermic. (See above.) From the tempera- 
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ture coefficients of Ky the respective changes in heat content AH can be 
calculated; perhaps unexpectedly, AH is found to be nearly independent 
of solvent even though, at any given temperature, the equilibrium 
constant K varies widely with solvent. 

The only hexaarylethane besides hexaphenylethane which has been 
studied by the (juantitative colorimetric procedure is 1,1,2,2-tetra- 
phenyl-l,2-di-/3-naphthylethane, VT; the equilibrium constant for this 

(CcH 5)2C-C(CoIl5)2 

iS-iioHr p-kiMr 

VI 

compound was shown not to vary with the concentration, but its 
absolute value was not determined. With a number of other ethanes, 
the method has been found to be inapplicable. (See page 706.) 

The quantitative method that has been most extensively used for the 
determination of the extents of dissociation of hexaarylethanes is based 
upon the fact that, as was mentioned in Section 15*8, the undissociated 
ethane is diamagnetic, whereas the free radical is paramagnetic. 

Before the principles of this method cau lu) further described, a brit'f digression 
into the tlK^ory of magnetism is desirabk?. The force F whicdi acts (in vacuo) be- 
tvv(iOTi two magnetic poles that have strengths p and p', and that are at a distance r 
from each other, is given by equation 15‘05; by convention, the strength of a north 

(15-65) 

pole always has a positive sign, whereas that of a south pole always has a negative 
sign. When the force F is positive, the tw'o pol(‘s repel each other; when F is nega¬ 
tive, they attract each other. Kquation 15-65 may be considered to define the pole 
strengths p and p'. A magnet consists of a north pole and a south pole, which have 
strengths of the same magnitude but, naturally, of opposite sign. The magnetic 
moment ai of a magnet is equal to the product pi of the strength p of the north pole 
and the distance / between the north and south poles (equation 15-66). When a 

M = (15-66) 

magnetic pole is in a magnetic field, it is acted upon by a force that is equal to the 
product of the pole strength p and Xha field strength H (equation 15-67); this rela- 

F « Hp (15-67) 

tion defines the latter quantity. If any object which is not a magnet (i.e., which 
has a moment /x equal to zero) is placed in a magnetic field of strength H, a magnetic 
moment is induced in this object; the induced moment fii is proportional to the field 
strength, as is shown in equation 15-68. The proportionality constant x is called 

Pi « xH (15-68) 

the magnetic susceptibility of the object in which the moment is induced; it has a 
positive sign if the matter of which the object is composed is paramagnetic, but a 
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negative sign if the matter is diamagnetic. The situation is shown schematically in 
Figure 15*1, in which N and #5? represemt, res|x?ctively, the north and south poles 
of the magnet that producers the fiidd of strength H; and n and s represent, respec¬ 
tively, the north and south poles of the magnet induc(ui in the object. In Figure 
15‘la, the matter is diamagnetic; since like poles repel one another, the object is 
pushed out from the region b(‘tw(‘(m the poles N and S. In Figure 15 • 16, the matter 
is paramagnetic; since unlike poles attract one another, the object is pulled into the 
region between the poles N and S. 

The magnetic susc^eptibility of any objt^ct depends, of course, upon the substance, 
or substances, of which that object is compos(‘d. Moreover, the susceptibility is 
proportional to the amount of matter that is coniained in the object; hence its value 
is not uniquely determined until the amount of matter is spt^cified. In the following 
discussion, refenmee will be made only to molar susceptibilities xm (i.e., to suscepti¬ 
bilities per mole of substance). 

The experimental methods by which magnetic susceptibilities arc measured need 
not be discussed here. It may be mentioned, however, that these methods involve 
the measurement of the magnitude and dir(u;tion of the force that acts upon the 
substance of interest when the substance is between the north and south poles of a 
powerful magnet. (Cf. Figure 15*1.) 



a b 

Figubb 15* 1. The induction of magnetic moments in a diamagnetic object (Figure 
15‘lo) and in a paramagnetic object (Figure 15*16), 


Theory and experiment have combined to show that the molar mag¬ 
netic susceptibility Xm of any nonmetallic and nonferromagnetic sub¬ 
stance can be expressed in the form shown in equation 15*09, where N 


Xm = ^ + 


NV 

3RT 


(15*69) 


is now Avogadro^s number, n is the magnetic moment of a single mole¬ 
cule, R is the gas constant, and T is the absolute temperature.'^® The 
quantity A is called the diamagnetic term since its sign is always negative; 
its value, which is essentially independent of temperature, can be cal¬ 
culated Avith fair accuracy as the sum of the atomic susceptibilities of 
all the atoms in the molecule, plus certain correction terms associated 
with the presence of double bonds, of aromatic rings, or of other struc¬ 
tural features.^® In other words, A is a partly additive and partly 
constitutive property, like the molecular refraction, molecular volume, 

^ Cf. L. Michaelis in A. Weissberger, Physical Methods of Organic Chemistry^ Inter* 
soienoe Publishers, New York, Volume II, 1946, Chapter XXIV; P. W. Splwpod, 
chemistry^ Interscienoe Publishers, New York, 1943, 
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parachor, heat of combustion, etc. With most of the organic substances 
considered in this chapter, the magnitude of Aj which is of course posi¬ 
tive, is of the order of a few hundred times 10“^ electromagnetic unit 
of magnetic susceptibility. If equation 15*69 is solved for the magnetic 
moment ii, equation 15*70 is obtained; all quantities on the right side 

M (x- - (15-70) 

of this latter equation are known constants, or can be calculated in the 
way just described, or can be obtained by direct measurement. Conse¬ 
quently, the value of the magnetic moment g. can be determined. 

It is a conse(iuence of quantum mechanics that the moment g of a 
molecule with j unpaired electrons is equal to where is 

the so-called Bohr magneton with the value given in equation 15*71. 
eh 

=-- 0.927 X 10-2° gj.g gausa-i (15-71) 

Awme 

In this equation, e and m are, respectively, the magnitude of charge and 
the mass of an electron; h is Planck^s constant; and c is the velocity of 
light. When the numerical values of N, R, T, and 13 are inserted in 
equation 15*69, the paramagnetic term {N^y?)/{^RT) is found to be 
equal, at 20®C, to about 42Q;(j + 2) X 10"“®. Since, so long as j is not 
equal to zero, the magnitude of this positive term is ordinarily larger 
that is that of the negative diamagnetic term A (see above), the sus¬ 
ceptibility Xm is usually positive; consequently, any free radical may be 
expected to be paramagnetic. With a free radical that contains just 
one unpaired electron per molecule, j is equal to 1, the magnetic moment 
II is equal to and the paramagnetic term is equal, at 20®C, to 

about 1260 X 10~®. 

The method by which the degree of dissociation a of a hcxaarylethane 
is determined should now be evident. The apparent magnetic suscepti¬ 
bility per mole of ethane is measured, and from this resulting figure is 
subtracted the calculated (negative) value of A, The difference Xm A 
is then equal to (2aN^iJi.^)/(3RI')y or to 2a X 1260 X 10~® (see above); 
the factor 2a is introduced here because each mole of ethane gives rise 
at equilibrium to 2a moles of free radical. All data required for the 
computation of a are therefore available. 

It is important to observe that a is obtained from a linear interpolation of the 
susceptibility xm, and not from one of the moment /u. Thus, although the apparent 
magnetic moment of an ethane is equal to zero if there is no dissociation, and to 
^/S^ (per methyl radical) if the dissociation is complete, an apparent moment of, 
say, (per methyl radical) corresponds to an a that is equal, not to but to 

The reason for this fact is that the magnetic susceptibility is a linear function 
of a, but a quadratic one of n (see above). 
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The magnetic method has been applied to a large number of hexaaryl- 
ethanes; in Table 15*2 are listed the equilibrium constants K that can 

TABLE 16-2 


EquiLiBRitiM Constants of Somk Hkxaakylktuanes 


Ethane 

K X 10 '^ 

Remarks 

Hexaphenyl 

0.22 

In benzene at 22°-24°C ® 


O.IS 

In Ixuizene at 20 ^ 


0.17 

In 1olu(‘ne at 20*^0 

Tetraphenyldi-o-tolyl 

33 

In benzene at 25°C ^ 

Tetraphenyldi-m-tolyl 

1.8 

In Ixmzcme at 25 ^ 

Tetrapheiiyldi-p-tolyl 

l.l 

In benzene at 25 °C ^ 

Tetraphenyldi-o-<^thylplicnyl 

65 

In benzeme at 25^ 

Tetraphenyldi-p-ter^-butylphcnyl 

2.4 

In b(Miz(^ne at 25 °C ^ 

Tetraphenyldi-p-(?yclohexylpheiiyl 

3.2 

In benz('nc at 26 °C * 

Diphenyltetra-o-tolyl 

1500 

In b(‘nzene at 25 

Diphenyltetra-m-tolyl 

2.1 

In benz(‘ne at 25 "C ^ 

Diphenyltetra-p-tolyl 

1.3 

In benz(^ne at 25^ 

Diphenyltetra-p-^^’H-bu t y Ipht'n}^ 1 

3.2 

In benzene at 25°C ^ 

Diphenylt(?tra-p-cyc}ohexylph(myl 

3.8-5.7 

In benzene at 27°“28®C * 

ilexa-m-tolyl 

no 

In b(mz(^ne at 25 

Hexa-p-tolyl 

12 

In benzene at 25 °C ^ 

IIexa-p-«ec-butylphcnyl 

65 

In benz(‘ne at 25 “C ^ 

Hexa-p-cyclohexylphenyl 

20 

In benzene at 25 °C * 

Tetraphony Idi-o-chloropheny 1 

6.5 

In benzene at 25‘’CV 

Tetraphenyldi-m-ch]oroplionyl 

1.8 

In bc'iizene at 25''CV 

Tetraphenyldi-p-chlorophenyl 

1.1 

In benzene at 25®CV 

Ilexa-p-fluorophenyl 

0.60 

In Ixuizene at 25 * 

Tetraphenyldi-o-anisyl 

0.60 

In Innizene at 25^ 

Tetraphenyldi-?/i-anisyl 

0.28 

In iKmzene at 25 °C 

Tetraphenyldi-p-anisyl 

0.81 

In benzene at 25 °C * 

Hexaro-anisyl 

120 

In benzene at 25 °C ^ 

Tctraphonyldi-w-biphonylyl 

2.9-3.3 

In benzene at 26°“27°C ‘ 

Tetraphenyldi-p-biphenylyl 

3.8-4.7 

In benzene at 26®-28°C ^ 

Tetrapheny Idi-cK-naph thy 1 

11 

In toluene at 20°C ® 

Tetraphenyldi-/3-naphthyl 

1.5 

In benzene at 25 °C t 

Diphenyltetra-p-biphenylyl 

16 

In l)enzene at 25 ^ 

Diphenyldi-p-biphenylyldi-a-naphthyl 

250 

In benzene at 25°C t 

Diphenyltetra-j^-naphthyl 

7.8 

In Ixjnzene at 25 °C ^ 

Ilexa-m-biphenylyl 

85 

In benzene at 25 °C * 

Hexari)-biphenylyl 

37 

In benzene at 25®C t 


Completely 

dissociaUid 

In benzene * 


CompleUdy 

dissociated 

In solid state ^ 

IlexariS-iiAphthyl 

30 

In benzene at 25 ®C ^ 

Hexarp-nitrophenyl 

Largely dis¬ 
sociated 

In solid state 
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NOTES FOR TABLE 15-2 

® E. Mtillcr and I. Mtiller-Rodloff, Ann. 621, 89 (1936). 

^ M. F, Roy and C. S. Marvel, J. Am. Chem. Soc. 69, 2622 (1937). 

R. Preckel and P. W. Selwood, J, Am. Chem. Soc. 63, 3397 (1941); the values given 
above are calculated from the ones for AFao given by Preckel and Selwood in theii* Table 
IV. 

** C. S. Marvel, J. F. Kaplan, and C. M. Himel, J. Am. Chmi. Soc. 63, 1892 (1941). 

* C. S. Marvel and C. M. Himel, J. Am. Chem. Soc. 62, 1650 (1940). 

/C. S. Marvel, F. C. Dietz, and C. M. Himel, J. Org. Chem. 7, 392 (1942). 

* C. S. Marvel, H. W. Johnston, J. W. Meier, T. W, Mastin, J. Whitson, and C. M, 
Himel, J. Am. Chem. Soc. 66, 914 (1944). 

^ C. S. Marvel, J. Whitson, and H. W. Jolmston, J. Am. Chem. Soc. 66, 415 (1944). 

^ C. S. Marvel, M. B. Mueller, and E. Ginsberg, J. Am. Chem. Soc. 61, 2008 (1939). 
f C. S. Marvel, J. W, Shackleton, C. M. Himel, and J. Whitson, J. Am. Chem. Soc. 64, 
1824 (1942). 

* C. S. Marvel, E. Ginslx^rg, and M. B. Mueller* J. Am. Chem.. Soc. 61, 77 (1939), 

«E. Muller, I. Muller-RodloflF, and W. Bunge, Ann. 520, 235 (1935). 

F. L. Allen and S. Sugden, J. Chem. Soc. 1936, 440. 


be derived from some of the thus obtained degrees of dissociation (equar 
tion 15*64). A direct comparison between these figures and the ones 
obtained by independent reliable methods can be made only with hexa- 
phenylethane itself. With this compound, the magnetic value of the 
dissociation constant K in benzene is approximately half as great as the 
spectroscopic value (Table 15*1); the reason for this discrepancy is not 
known. Whether similar discrepancies would be foimd with the remain¬ 
ing ethanes is, of course, also not known. Although the two methods, 
each of which is presumably trustw^orthy, differ someivhat in regard to 
the value of iC, they agree in regard to its temperature coefficient; A//, 
the heat of dissociation, has been calculated by Muller and Miiller- 
Rodloff from the magnetic measurements to be 11.6 zk 1.7 kcal per 
mole in benzene, and by Preckel and Selwood to be 10.2 it 1.2 kcal 
per mole in toluene. (Cf. Table 15*1.) 

The discrepancy bt^tween the magnetic and spectroscopic? values of the equilibrium 
constant of hcxaphenylethane may be no greater than the experimental errors. In 
view of the extreme precautions that have to lx? taken to protect the hcxaphenyl¬ 
ethane from even traces of oxygen and other reagents, the experiments are difficult 
by either procedure, and their results are certainly less precise than are those ob¬ 
tained in analogous experiments with less sensitive compounds. In general, most 
of the values listed in Table 15 -2 may be inferred from the internal consistency of 
the data to have probable errors of the order of ±50 'per cent. Nevertheless, the 
satisfactory agreement among the three independent magnetic measurements for 
hcxaphenylethane suggests that the experimental errors in these measurements are 
not large enough to account for the discrepancy. (Cf., however, the widely dis- 

’»E. Mtiller and I. MiiUer-Rodloff, Ann. 621, 89 (1936). 

" R. Preckel and P. W. Selwood. J. Am. Chem. Soc. 63, 3397 (1941). 
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cordant results for hexa-p-biphenylylethane.) Apparently, therefore, the spectro¬ 
scopic work is less precise than it seems to be, or else some systematic error affects 
either the magnetic or the spectroscopic value of K (or both). A possible source of 
difficulty, which has not hitherto received adc^quat-c^ considt;rat ion, is the following: 
In the magnetic experiments, the diamagnetic tenn A (equation 15 • 69) is not meas¬ 
ured directly but is only estimated. There is, however, reason to doubt the legiti¬ 
macy of using, in this estimation, the same value for the atomic susceptibility of 
irfvalent carbon that lias beiin found to apply to ryj/adr/Valent carbon. Moreovtir, 
the magnetic susceptibility of a diamagnetic substance has been found to be very 
sensitive with respect to the extent of conjugation within the molecules of that sub¬ 
stance.^® In undissociated hexaphenylethane, each benzene ring is, of course, a com¬ 
pletely conjugated system, but it is independent of all tlu^ other benzene rings, from 
which it is insulated’^ by one or more saturated carbon atoms. In the triphenyl- 
inethyl radical, on tlu^ other hand, no benzene ring is i;ntirely incU^pendent of the 
other two, since resonance can occur among a large number of structures, of which 
VII, VIII, and IX are typical exatnples. (Cf. page 700.) Consequently, when a 



VII VIII IX 


molecule of hexaphenylethane dissociates into two triphenylmethyl radicals, the ex¬ 
tent of the conjugation is increased by the coalescence of th(5 smaller systems. This 
change might be expected to liave a significant effect ui)on the diamagnetic term A. 
Since no allowance has been made for any such effect, the calculated degree of dis¬ 
sociation may therefore be not exactly correct. (For a possible source of systematic 
error in the spectroscopic measurements, see pages 705 f.) 

From a survey of Table 15*2, it is evident that the introduction of 
substituents into the benzene rings of hexaphenylethane increases the 
dissociation, and that the effects of such substituents may be very great. 
In general, methoxyl groups are the least effective of all those studied; 
halogen atoms are slightly more effective than methoxyl groups; and 
alkyl groups are much more effective still. The ability of an alkyl group 
to increase the dissociation of the ethane increases somewhat with its 
weight. A phenyl group, as a substituent on a benzene ring, is somewhat 
more effective than an alkyl group. The nitro group is one of the most 
effective of all. The positions of the substituents are often even more 
important than their natures; ortho substituents almost always produce 
the greatest increases in dissociation, and para substituents usually 
produce the least. Moreover, the replacement of the phenyl groups of 

For a diacussion of some extreme examples, see L. Pauling, J, Chem. Phy*, 4, 673 
(1936). 
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hexaphenylethane by naphthyl groups may be thought of as equivalent 
to the introduction of substituents. The /S-naphthyl group, when joined 
to one of the two ethane carbon atoms, is approximately as effective as a 
m- or p-alkylphenyl group, but less effective than a biphenylyl group; 
the a-naphthyl group, on the other hand, is the most effective of all 
those for which data are given in Table 15*2. 

15-10 Analogs of the Triarylmethyls. The dissociation of any 
tetraarylethane into diarylmethyl radicals is, in general, less than is 
that of an analogous hexaarylethane into triarylmethyl radicals. In 
fact, the evidence that the tetraaryl compounds dissociate at all is much 
less complete than is the evidence that the hexaaryl compounds do so. 
Pentaphenylethyl, I, and triphenylbiphenyleneethyl, II, for example, 

(C6H5)3 

(C6H5)3C-C(C6H5)2 

I II 

are considered to be largely, if not entirely, monomeric; the evidence 
upon which this conclusion is based consists, however, only of cryoscopic 
determinations of the apparent molecular weights (cf. pages 685 f.) 
and of the fact that the substances in the solid state are, respectively, 
yellow and violet. (Each of these radicals, although it contains alto¬ 
gether five phenyl groups, is a diarylmethyl since its trivalent carbon 
atom is directly joined to only two aryl groups.) Moreover, tetra- 
phenyldi-^cri-butylethane. III, is considered to be slightly dissociated 

(C6H5)2C-C(C6H5)2 (C6H5)2C. 

(CH3)3i C(CH3)3 (CH3)3i 

III IV 

into diphenyl-^cr^-butylmethyl radicals, IV,’® since its solutions, which 
are faintly colored at room temperature, become more intensely yellow 
if the temperature is raised, and return to their original color if the tem¬ 
perature is then lowered (however, see page 706); the substance also 
rapidly absorbs oxygen and reacts with sodium. (See Section 15-12.) 
Tetra-p-biphenylyldi-ier^-butylethane, V, is considered to be more highly 

(P-C6H3-C6H4)2C-C(C6H4-C6H5-p)2 

(CH3)3i i(CH3)3 

V 

^ J. B. Conant and N, M, Bigelow, J, Am, Chem, Soc, 80, 2041 (1928), 
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dissociated than is the corresponding tetraphenyl compound, III, since 
it is more intensely colored in solution, and since it reacts more rapidly 
with oxygen and Avith sodium.Conant and his coworkers have ob¬ 
tained similar evidence to show that the dialkylbixanthyls of general 
structure VI are more highly dissociated than are the analogous dialky 1- 



(CnIIr,)2C-C(Cr>n5)2 

I I 

R R 

VII 


tetraphenylethancs, VII, without the oxygen bridges; in these com¬ 
pounds, primary alkyl groups appear to be less efTe(*tive than secondary 
alkyl groups in promoting the dissociation of the ethane.®^ Hydrogen 
atoms arc still less effective, siiK^c^ neither tetraphenylethane, VIII, nor 


(C6H5)2CII— 011 ( 06115)2 

VIII 



0 CH—HC 0 




bixanthyl, IX, gives any evidence of dissociating into free radicals. 
(Cf., hoAvever, pages 703 f.) On the other hand, tetramesitylethane, X, 



CHa 1 



CHa 1 

CHa^ 


CH- 

-CH 



"CHa . 

2 


CHa J 


X 


forms a red solution which becomes more intensely colored as the 
temperature is raised, which fades as the temperature is lowered, and 

® J. B. Conant and R. F. Schultz, J, Am, Chem, Soc, 66, 2098 (1933). 

® J. B. Conant and A. W. Sloan, J, Am. Chem, Soc, 47, 572 (1925); J. B. Conant and L, 
F. Small, ibid. 47, 3068 (1925); J. B. Conant, L. F. Small, and A. W. Sloan, ibid. 48, 1743 
(1926); J. B. Conant and B. S. Garvey, Jr., iUd, 49, 2080 (1927); J. B. Conant and M. W. 
Evans, ibid, 61, 1925 (1929). 
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which does not obey Beer^s law; several other tetraphenylethanes 
with many ortho methyl groups behave similarly. 

Di-03,jS-diphenylvinyl)-bixanthyl, XI, may be considered inter- 



(C6H5)2C=C1I CH=C(C6ll5)2 CII=C(C6H5)2 

XI XII 


mediate in stnicture between the tetraarylethanes and the hexaaryl- 
ethancs; for although, in this substituted ethane, only four aryl groups 
are joined to the central carbon atoms, the two remaining substituents, 
like aryl groups, are unsaturated. The dissociation into 9-(i(3,iS-diphenyl- 
vinyl)-xanthyl, XIT, is rather extensive.*^ A cryoscopic determination 
of the apparent molecular weight in naphthalene has led to the conclu¬ 
sion that the bixanthyl is GO per cent dissociated; moreover, the sub¬ 
stance is colored in solution, and it reacts rapidly with such reagents as 
oxygen and sodium. Similar evidence suggests that the further ethanes 
XIII-XV arc also appreciably dissociated.®^*®^ 

(p-CH3-0-C6H4)2C-C(CoH4—0-CH3-p)2 

(C6H5)2C=CH CH=C(C6H5)2 

XIII 

(CJl5)2C- C(CoH5)2 

I I 

(C6li5)2C=ClI CH=C(CoIl5)2 

XIV 


p-CHg—o—CfiH^—o—CTT 3 - 7 J 


CIIs—o 


O—CH 3 


(ni.-,—0< ^ -C< ^ ^ O—CH; 


(C6H6)2C==CH CH==C(C6H5)2 

XV 


** W. T. Nauta and P. J. Wuis, Rec, trav, chim. 57, 41 (1938). 

** J. Coops, W. T. Nauta, M. J. E. Ernsting, and A. C. Faber, Rec, trav, chim, 69, 1109 
(1940); J. Coops, W. T. Nauto, and M. J. E. Ernsting, ibid, 60, 245 (1941). 

K. Ziegler, G. Bremer, F. Thiel, and F. Thielmann, Ann. 434, 34 (1923). 

» K. Ziegler and C. Ochs. Ber. 56, 2257 (1922). 
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Pentaphenylcyclopentadienyl, XVI, is a monoarylmethyl radical, 


CeHs 

\ 

C 


Cells 


CeHs- 


-C C- 

\./ 

C 

I 

Cells 

XVI 


-Cells 


with two imsaturated Bnl)stitnents; this compound does not associate 
appreciably to the dimer XVII. In the solid state, it forms dark khI 


Cells Cells Cells 

\ / \ 

C===C Cells C= 


CeHs-C 


\ / 
C 


C 


4. 


/ \ / 

CeHs C 


^C-CeHs 

I 

C—CeHs 


CM, 


(31^5 


Cells 


XVII 


crystals; a cryoscopic determination of its molecular weight in benzene 
has agreed well with the monomeric formula XVI; and (most significant 
of all) its magnetic susceptibility shows the presence of one unpaired 
electron per molecule of monomer. 

15 • 11 Preparation of Triarylmethyls and Their Analogs. The 

reaction of an aryl-substituted alkyl halide with “molecular’’ silver, or 
with metallic mercury or zinc is frequently the most satisfactory method 
for the preparation of a dissociable ethane. This procedure is, in fact, 
the one that was adopted by Gomberg (see Section 15*8) in his original 
preparation of hexaphenylethane and of triphenylmethyl. Other metals 
besides the three mentioned have also been used. Finely divided copper, 
for example, has also been found satisfactory. The alkali metals can 
be used, but they are not advantageous because they react further with 
the radicals formed. (See Section 15-12.) 

The convert of the reaction of an organic halogen compoimd with a 
metal is the reaction of an organometallic compound with a halogen. 
This type of reaction also can be used for the preparation of a dissociable 
ethane. Although the halogen reacts further with the ethane and with 
the free radical derived from it, the procedure can be modified so that 


**E. MtiUer and I. Miillor-Rodloff, Ber, 69, 065 (1936). 
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9 -phenyl- 9 -(/?,/S-diphenylvinyl)-xanthene, IX; on the other hand, two 
phenyl groups also combine with each other to give biphenyl 
CeHs—CgHs, while two of the xanthyl groups form the highly disso¬ 
ciated bixanthyl, X. ^ (See above.) In the second of these two reactions, 



(C6ll5)2C=CII CII=C(Ccn5)2 (CcH5)3C—OH 

X XI 

the Grignard reagent acts as a reducing agent, since it gives one electron 
to the carbonium cation. (See Section 2*5.) Other reducing agents 
can be used similarly; thus, hexaphenylethane precipitates when vana- 
dous chloride VCI 2 and concentrated hydrochloric acid are added to a 
solution of triphenylcarbinol, XI, in either acetone or acetic acid. 
Titanous chloride Ti(/I 3 can be used instead of vanadous chloride. 

15*12 Reactions of Triarylmethyls and Their Analogs. Many 
reactions of triarylmethyls and of similar free radicals have already 



Figure 15*2. The variation of the energy" E of the system in the dimerization of 
triphenylmethyl (routt^ A C) or in the dissofjiation of hexaphenylethane 

(route C B ^1). 

been mentioned in previous sections. C'onsequently, only a few isolated 
topics remain to be discussed here. 

The association of a free radical to its dimer might be expected to 
proceed with extreme ease, since the reaction involves merely the com¬ 
bination of the two ‘^free valences^' on the two radicals concerned, and 
hence does not require the rupture of any bonds. It is possibly rather 
surprising, therefore, that the reaction by which, for example, hexa¬ 
phenylethane is formed from triphenylmethyl requires an activation 
energy of about 8 kcal per mole of ethane formed. Figure 15 • 2 contains 
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a schematic plot of the energy of a system consisting of two triphenyl- 
methyl radicals (or of one hexaphenylethane molecule) as the dimeriza¬ 
tion takes place (or as the ethane dissociates). The points A, jB, and C 
correspond, respectively, to the dissociated radicals, to the activated 
complex or transition state for both the forward and reverse reactions, 
and to the undissociated ethane. The energy difference between A and C 
is equal to A//, the heat of dissociation of the ethane; its value is about 
11 kcal per mole of ethane. (Cf. Table 15-1, page 690.) The energy 
difference between B and C is the activation energy for the dissociation 
of the ethane; its value has been found from the temperature coefficient 
of the rate of dissociation (see pages G87 f.) to be about 19 kcal. The 
energy differencje between A and B is equal to the activation energy for 
the association reaction; its value, which is obtained by subtraction, is 
therefore about 8 kcal. (C-f, also page 710.) 

One of the most characteristic properties of the short-lived free radicals 
is their ability to form organometallic compounds by reacting with 
metallic elements. As might have been anticipated, this property is 
less apparent with the relatively stable and unreactive triarylmethyls 
and their analogs. In fact, the alkali metals are the only metals which 
are sufficiently active to combine readily with such free radicals. Sodium 
triphenylmethyl, I, for example, is formed when triphenylmethyl, II, is 

Na+ ;C-(C6ll6)3 (C6ll6)3C- p-(C6H5)2CH—C 6 H 4 —C(C6H6)3 

I II III 

treated with either sodium or sodium amalgam. Under the former 
conditions, the hydrocarbon III (cf. page 682) is also formed to a 
greater or less extent.** Under the latter conditions, the reaction does 
not go to completion, since the equilibrium of eejuation 15*72 is estab- 

(C 6 H 5 ) 3 C + Nallgx Na+ C-(C6H5)3 + :rHg (15*72) 

lished; with an excess of sodium amalgam, however, the free radical can 
be almost completely converted into the organosodium compound, 
whereas, with a large amount of pure mercury, the alkali metal can be 
almost completely removed from the organosodium compound.*^ The 
remaining alkali metals, to the comparatively limited extent to which 
they have been investigated, behave like sodium. 

The fact that tetraphenylethane, IV, is cleaved slowly by sodium- 

(C6H5)2C-C(C6H5)2 

(C6H6)2CH—CH(C6H5)2 K+:C-H(C6H6)2 K R 

IV V VI 

® Cf, W. E. Bachmann and F. Y. Wiselogle, J. Am, Chem, Soc, 58, 1943 (1936). 

»»H. E. Bent, J. Am, Ckem, Soc, 52, 1498 (1930); 53, 1786 (1931). 
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XIV,** 9,10-dimethylanthracene, XV,** and p-benzoquinone, XVI, give 



(C6H5)3C—CH—CO 


O 


(C6ll5)3C—CH—CO 

XVII 


Cells—CIT—CH2—C(C6H6)3 

I 

C(C6H5)3 

XVIII 


the products XVII, XVTIl, XIX, XX, and XXI, respectively. 
(C6ll5)3C—CHa—CH—O—CO—CHs 


C(C6li6)3 

XIX 


(C6H6)3C CHa 


(C6H5)3C CH3 

XX 


O—C(C6ll5)3 

/\ 


O—C(C6H6)3 

xxr 


Triarylmethyls and their analogs, like the simpler free radicals of 
short life, may disproporti(3nate by a mutual hydrogenation and dehy¬ 
drogenation. Thus, triphenylmethyl itself, under the influence of light, 
is slowly transformed into a mixture of triphenylmethane, XXII, and 


(C6H5)3CH 

XXII 



(CeH5)20-C(C6H5)2 


(CH3)3C C(CH3)3 

XXIV 


the practically undissociated diphenylbifluoryl, XXIII. Long-lived 
free radicals with alkyl substituents undergo irreversible decompositions 

* B. M. MikhoHow, BuU, acad. tci. UJSJ3B. dome tci. chim. 1945, 627; CJL. 40, 4711 
(1946). 
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which are not at present completely understood, but which are commonly 
regarded as disproportionations of some kind. Thus, if a solution of 
tetraphcnyldi-<cr<-butylethane, XXIV, is heated to 100°C for a few 
minutes, the more intense color which is thus produced no longer fades 
when the solution is cooled.*^® The solution of hcxa-p-tolylcthane, XXV, 

(P-CH 3 —C 6 H 4 ) 3 C—C(C 6 H 4 —CYl 3 -p )3 

XXV 

has been shown by magnetic measurements to be rapidly trans¬ 
formed into a product which contains no free radical at all. Since no 
great change in the color of the solution is observ^ed during the disappear¬ 
ance of the free radical, the colorimetric method of analysis (see Section 
15*9) is clearly inapplicable to this substance. All other hexaaryl- 
ethanes containing primary or secondary alkyl substituents behave 
similarly; they retain their contents of free radical somewhat longer, 
however, than hexa-p-tolylethane, XXV, does. On the other hand, 
hexaarylethanes with tertiary alkyl substituents are more stable and 
show relatively little tendency to disproportionate. 

15*13 The Theory of the Stabilities of Triarylmethyls and 
Their Analogs. In the dissociation of unsubstituted ethane into simple 
methyl radicals, the energy required to break the carbon-carbon bond 
is about 85 kcal per mole; for the dissociation of hexaphenylethane into 
triphenylmethyl radicals, the energy required is instead only about 11 
kcal per mole. (Cf. Table 15*1, page (390.) This striking difference in 
what may be called the strength of the central carbon-carbon bond is of 
course responsible for the fact that, although no appreciable dissociation 
of ethane itself occurs at ordmaiy temperatures, hexaphenylethane in 
solution exists in equilibrium with an easily detectable amoimt of tri¬ 
phenylmethyl. There still remains, however, the important theoretical 
problem of explaining how the presence of six phenyl groups can so 
greatly weaken the bond in question. 

One of the early attempts to explain the dissociation of hexaphenyl¬ 
ethane was based upon the idea that phenyl groups form exceptionally 
strong bonds and so use up disproportionate amounts of the ^‘affinities^^ 
of the atoms to which they are attached. (Cf. pages 389 f.) In the 
triphenylmethyl radical, therefore, the central carbon atom is presumed 
to have comparatively little aflSbaity left for a fourth bond to the corre¬ 
sponding atom of a second radical. This explanation, however, suffers 
from its vagueness. The nature of the assumed affinity is not defined, 
and the reason why phenyl groups form especially strong bonds is not 

** C. S. Marvel, W. H. Rieger, and M. B. Mueller, J. Am. Chem. Soe. 61, 2769 (1039); 
C. S. Marvel, M. B. MueUer, C. M. Himel, and J. F. Kaplan, ibid. 61. 2771 (1030). 
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given. Moreover, tetraphcnylmethane, I, in which the central carbon 

(CgH5)4C (C6H5)3C—C(C6H5)2—C(C6H5)2-C(C6H5)3 

I II 

atom is linked to four phenyl groups, is an unusually stable substance; 
this fact is hard to rec^oncile with the theory that three such groups use 
up nearly all the affinity of that atom. Finally, if this theory were 
correct, the central carbon-carbon bond in decaphenylbutane, II, ought 
to be stronger than the corresponding one in tetraphenylethane, III, 

H—C(C6ll5)2—C(C6H5)2—H (C6H5)3C—C(C6H5)2 

III IV 

since the two triphenylmethyl groups of the former compound should 
be less firmly bonded to the central carbon atoms than are the corre¬ 
sponding hydrogen atoms of the latter compound. The facts are not, 
however, in agreement with this prediction; decaphenylbutane is largely 
dissociated into pentaphenylethyl radicals, IV (see page 697), whereas 
tetraphenylethane is not appreciably dissociated at all. 

A second early suggestion regarding the dissociations of hexaphenyl- 
ethane and of its analogs is that, in the undissociated ethane, the bulky 
aryl groups interfere sterically with one another. It is, in fact, reasonable 
to suppose that the three phenyl groups in a triphenylmethyl radical, 
for example, occupy so large a volume that two such radicals cannot 
come close enough together for a strong bond to be formed between them. 
(Cf. Sections 9 • 6 and 9 • 7.) This theory is supported by a large amount 
of evidence; it is at present considered to account for at least a part, but 
probably not for all, of the observed weakening of the central bond. 
Thus, a naphthyl group is more effective in causing the dissociation of a 
hexaarylethane than is a smaller phenyl group. Moreover, an a- 
naphthyl group, with which the steric effect should be especially great, 
is more effective than a /3-naphthyl group, with which the steric effect 
should be considerably smaller. With the tetraarylethanes of general 
structure V, the dissociation increases with the size and complexity of 

(CeH5)2C-C(C6H5)2 

R R (CH3)3C—C(CH3)3 

V VI 

the atom or group R (cf. pages 697 f.); the hexaarylethanes with ortho 
substituents are more highly dissociated than are their less hindered 
isomers with meia or para substituents (cf. Table 15*2, pages 694 f.). 
Finally, even in hexam6<%Zethane, VI, in which the six methyl groups 
can produce only a relatively small amount of steric repulsion, the 
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central carbon-carbon bond has been found to be somewhat longer, 
and hence presumably somewhat weaker, than an ordinary carbon- 
carbon single bond. 

The most conclusive evidence that a steric factor is important in 
aiding the dissociation of hexaphenylethane has been derived from 
studies of heats of hydrogenation.®® By a combination of thermochem¬ 
ical data, the heat AH of the reaction 15-73 can be calculated to be 

CHa—CH 3 + H 2 2 CH 4 (15-73) 

about —13 kcal per mole of ethane in the gas phase; the heat AH of 
the corresponding reaction 15-74 has been found by direct measuremtmt 

(Cf,H 5 ) 3 C—C(C 6 H 5)3 + H2 2(C6H5)3CH (15-74) 

to be about —35 kcal per mole of hexaphenylethane in solution in ethyl 
acetate. Although these two values are not strictly comparable, since 
they apply to different states of aggregation, the difference of about 22 
kcal between them is so great that it must be real. Evidently, therefore, 
the carbon-carbon bond in ethane is much harder to break by hydrogena¬ 
tion (as well as by dissociation into free radicals) than is the correspond¬ 
ing bond in hexaphenylethane. Moreover, since the resonance factor 
(discussed below) cannot account for the observed difference between 
these heats of hydrogenation, the most reasonable explanation is that 
the bond in the hexaphenylethane molecule has been weakened sterically. 

That this steric effect cannot be the only factor promoting the dis¬ 
sociation of hexaphenylethane is suggested by two types of data. In 
the first place, it is difficult to see how substituents in the para positions 
could increase the repulsions between the two triaiylmethyl radicals, 
although they d6 increase the dissociation of the hexaarylethane. (Cf. 
Table 15-2, pages 694 f.) In the second place, the difference in the 
heats of hydrogenation of ethane and of hexaphenylethane is only about 
one-third as great as the observed difference in the heats of dissociation. 
Consequently, there must exist still some further effect that accounts 
for the remaining two-thirds of the total weakening of the bond. 

The major factor responsible for the dissociation of hexaphenylethane 
and its analogs is probably a resonance effect.®^ In hexaphenylethane, 
each of the six benzene rings separately resonates between the two 
Kekul6 structures. Since these benzene rings are independent of one 

S. H. Bauer and J. Y. Beach, J, Am, Chem, Soc, 64, 1142 (1642). 

H. E. Besit and G. R. Culbertson, J, Am, Chem. Soc. 6 $, 170 (1936). 

^ Cf. L. Pauling and G. W. Wheland, J. Chem, Phye. 1, 362 (1933); G. W. Wheland, 
J, Am, Chem, Soc, 63, 2026 (1941); The Theory of Reaonancet John Wiley and Sons, New 
York, 1944, pages 192 ff. 
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another, and since the resonance energy of benzene is about 36 kcal 
mole (see Section 10 * 10 ), the stabilization of the undissociated ethane 
by the resonance should amount to approximately 6 X 36, or 216, kcal 
per mole. In the triphenylmethyl radical, each benzene ring similarly 
resonates between the two Kekuld structures; consequently, there can 
be written altogether 2^, or 8 , essentially equivalent structures like VII, 



VII 


in which the unpaired electron is on the central carbon atom. If no 
further resonance were possible, the two radicals derived from one mole¬ 
cule of hexaphenylethane should again be stabilized by approximately 
6 X 36, or 216, kcal for each mole of ethane; the resonance would then 
have no effect on the relative stabilities of the ethane and of the radicals, 
and hence no effect upon the equilibrium. The radical, however, can 
be stabilized further by resonance with a great many additional struc¬ 
tures, such as VIII~XI; since structures analogous to these last ones are 



vm IX X XI 


not possible for the undissociated ethane, the resonance energy of the 
ethane must be less than that of the radicals formed from it. Conse¬ 
quently, the resonance favors the dissociation of hexaphenylethane. 
Since no analogous resonance can occur either in unsubstituted ethane 
H 3 C—CH 3 , or in the simple methyl radical CH 3 , resonance must be one 
of the factors responsible for the great difference between the dissocia- 
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tion of hexaphenylethane and that of ethane. The belief that resonance 
is the major factor is supported by approximate numerical calculations,®^ 
which have shown that, when hexaphenylethane dissociates into tri- 
phenylmethyl radicals, the increase in the total resonance energy is of 
the same order of magnitude as the observed weakening of the carbon- 
carbon bond of the ethane. (The appreciable activation energy required 
in the dimerization of triphenylmethyl may be due to the considerable 
loss of resonance stabilization in the ethane. Cf. pages 702 f.) 

With such analogs of the triarylmethyls as 9-(/3,i9-diphenylvinyl)- 
xanthyl (represented hitherto by structure XII), resonance can occur 




/ \ 

() C—CH=C(CoIT5)2 



XIII 


with structures in which the unpaired electron is on an ortho or para 
carbon atom of any desired benzene ring. In stnu^turc XIII, for ex¬ 
ample, one of the rings of the xanthyl system is involved; whereas, in 
structure XIV, one of the rings of the iS,/0-diphenylvinyl group is involved 



instead. Since structures of neither of these two latter types can be 
drawn for the corresponding ethane, the resonance again favors the 
dissociation of the ethane into radicals; moreover, since resonance in 
the radical occurs with structures like XIV, the iS,iS-diphenylvinyl group 
is more effective in stabilizing the radical than a saturated alkyl group 
would have been. 

In pentaphenylcyclopentadienyl, the possibilities for resonance are 
especially great; the unpaired electron can be upon any one of the five 
equivalent carbon atoms of the central ring, or upon an ortho or para 
carbon atom of any one of the five equivalent benzene rings. (Cf. the 
illustrative structures XV-XVIII.) The radical should therefore be 
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CeHs—C- 


-C—CeHs 
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exceptionally stable. On the other hand, the dimer XIX is stabilized 


CeHs—C= 


C-CeHs Cells-O 
(V.H5 


Cells-C (’ 

\ / 
c 

I 

Cells 


=C—CeHs 


-C C-CeHs 


XIX 


/ \ / 
CeHs C 
I 

CeHs 


only by the resonance in the benzene rings separately, and (to a very 
small extent) by the simple conjugation of the ethylenic double bonds 
of the five-membered rings with each other and with the phenyl groups. 
The observed complete dissociation of the dimer is therefore not un¬ 
reasonable. 

Although the combined steric and resonance factors can thus appar¬ 
ently account for the gross features of the dissociations of substituted 
ethanes into free radicals, many of the finer details are as yet unex¬ 
plained. The effects of meta and para alkyl groups, and of meta phenyl 
groups, for example, are quite appreciable even though they cannot be 
easily related to either steric or resonance effects. Evidently, much 
remains to be done before the problem can be considered completely 
solved.®^ 

15 • 14 Ionization of Hexaphenylethane. When hexaphenylethane 
is dissolved in liquid sulfur dioxide, the resulting solution is yellow. That 
this color is not due to the presence of triphenylmethyl radicals is sug- 
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gested, however, by the fact that the solution conducts the electric cur¬ 
rent, even though the likewise yellow solutions of the same ethane in 
organic solvents do not. Obviously, therefore, hexaphenylethane dis¬ 
solved in sulfur dioxide gives rise to ions of some sort. 

One possibility is that the hexaphenylethane dissociates into two 
oppositely charged ions, as in equation 15*75. This possibility can be 

(C6H5)3C-C(CcH5)3 ^ (C6H5)3C+ + (C6H5)3C:~ (15*75) 

excluded, however, on two grounds. First, although the triphenyl- 
methyl cation, I (as in triphenylmethyl perchlorate, II) is yellow, the 

(C 6 H 5 ) 3 C+ (C 6 H 5 ) 3 C+C 104 - (CeHi-OaC:" Na+:C-(C6H6)3 

I II III IV 

triphenylmethyl anion. III (as in sodium triphenylmethyl, IV) is an 
intense red; a solution containing equal amounts of these two ions could 
hardly, therefore, have the observed yellow color. (See also the follow¬ 
ing paragraph.) Second, the triphenylmethyl anion is known to react 
with sulfur dioxide to form the triphenylmethane sulfinate anion, V. 

(C6H5)3C—SO 2 

V 

Since, however, this last ion is colorless, the alternative assumption that 
the ionization is in accordance with equation 15-76, rather than 15*75, 

(C6H5)3C—C(C6H5)3 + SO 2 ^ 

(C6H6)3C+ + (C6H6)3C—SO 2 - (15-76) 

is in agreement with the qualitative observations. Quantitative meas¬ 
urements, however, have shown that equation 15*70 also is incorrect.®® 
The extinction coefficient of the triphenylmethyl cation, I, at some 
specified w^ave length can be obtained from an examination of a solution 
of triphenylmethyl bromide, VI in sulfur dioxide, in which solvent the 

(C 6 H 6 ) 3 C—Br (C6H5)3C+ Br- 

VI VII 

bromide apparently exists in the ionized form VII. In solution in sulfur 
dioxide, the apparent extinction coefficient of hexaphenylethane at 
the same wave length is found to be twice as great, per mole of ethane, 
as is that of the cation I. Since each molecule of ethane must therefore 
give rise to two triphenylmethyl cations, and not to only one, the 
ionization must be of the type shown in equation 15*77 or 16*78. 

«L. C. Anderson, J. Am. Chem. 80 c. 57,1673 (1936). 
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(C6H6)3C—C(C6H6)3 + 2 SO 2 2(C«H5)3C+ + 2 SO 2 - (15-77) 

(C6H5)3C-C(C6H6)3 + SO 2 2(C6H5)3C+ + SOa” (15-78) 

Although both the triphenylmethyl free radical, VIII, and cation I 

(C6H5)3C* 

VIII 

are yellow, their absorption spectra are entirely different.®® The spectra 
of hexaphenylethane in sulfur dioxide and in, say, ether are, therefore, 
easily distinguishable since, in the former solvent, the observed spectrum 
is that of the cation, whereas, in the latter solvent, it is that of the neutral 
radical. With other ethanes, the colors in the two solvents could appear 
different even to the unaided eye; thus, since the diphenyl-a-naphthyl- 
methyl radical, IX, and cation X are respectively reddish brown and 


(C 6 H 5 ) 2 C—a-CioIlT 
IX 


(C6H5)2C+—a.CioH7 

X 


green, a solution of tetraphenyldi-a-naphthylethane, XI, in ether is 


(C6H5)2C-C(CoH6)2 


a-CioH7 a-CioH7 
XI 


reddish brown, whereas one in sulfur dioxide should be green. The color 
of the solution in the latter solvent has not, however, been reported. 

15*15 Configurations of Alkyl Radicals. There is little direct 
evidence regarding the stereochemical configuration of a carbon atom 
that forms three single bonds and has, in addition, one unpaired electron. 
It is commonly assumed, however, that such an atom is planar or, if 
normally pyramidal, is able easily to become planar. If this assumption 
is correct, no trivalent carbon atom can then be a center of molecular 
dissymmetiy; in other words, no free radical with general structure I, 

R' 

I 

R—C- 

I 


in which R, R', and R" represent different atoms or groups, can be 
optically active, unless, of course, at least one of the atoms or groups 
R, R', and R" is itself dissymmetric. (Cf. the discussion of the ammonia 
molecule. Section 8-2.) In view of the experimental difficulties en¬ 
countered in all studies of free radicals, the fact that no radical of this 



714 


Free Radicals 


Sec. 15*15 


type, I, has as yet been resolved can hardly be considered proof that 
resolution is impossible. 

Some indirect evidence that a trivalent carbon atom cannot maintain 
a dissymmetric configuration for more than a small fraction of a second 
is provided by an investigation of the chlorination of (+)-l-chloro- 2 - 
methylbutane, II.®® (However, see below.) The l,2-dichloro-2-methyl- 

Cl—CH 2 —CH—C 2 H 5 Cl—CH 2 —CCl—C 2 H 5 Cl—CH 2 —C—C 2 H 5 

I I I 

CH 3 CH 3 CH 3 

II III IV 

butane, III, formed in this reaction, is found, when separated from its 
various, simultaneously produced isomers, to be completely racemic. 
Presumably, therefore, the intermediate free radical, IV ((jf. equations 
15*5 and 15*6, page 657), was racemized by passing into, or through, the 
planar configuration before it was transfonned into the product III. 

The racemization observed in the course of the above reaction provides some addi¬ 
tional evidence against the alternative chain mec.dianism considered on pag(i 6(i0 
(equations 15-11 and 15 12) for the chlorination of aliphatic compounds. If 
the chlorine atom replaces the hydrogen atom directly in a ono-step pnxjoss (ecpiation 
15*11), the reaction may be expt^cted to proceed with a Walden inversion (cf. Sec¬ 
tion 7-8), but not with the obst^rved complete racemization. The occurrence of 
racemization rather than inversion, therefore, supports the belitjf that reaction 15 11 
is not involved. 

Evidence which suggests that an alkyl radical can nevertheless main¬ 
tain a dissymmetric configuration for an appreciable length of time, and 
which therefore conflicts with the evidence just presented, is provided 
by the reaction between (+)-methylethylacetic acid, V, and acetyl 

C 2 H 5 —CH—CO 2 H 

I 

CH3 CH3—CO—O—0—CO—CH3 

V VI 

peroxide, VI. (Cf. page 672.) i®" The dimcthyldiethylsuccinic acid, 
VII, that is obtained in this reaction has been found to be slightly, but 

HO2C—CCCalle)—CCCgllg)—CO2H 

I I 

CH3 CH3 

VII 

definitely, dextrorotatory. Consequently, if the proposed free-radical 

” H. C. Brown, M. S. Kharasch, and T. H. Chao, J, Am. Chem, Soc. 62, 3435 (1940). 
M. S. Kharasch, J. G. Kudema, and W. H. Urry, personal communication. 
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mechanism (cf. equations 15•47-15-49) is correct, the intermediate 
radical, VIll, must be able to retain its optical activity for at least a 


C2H5—C—CO2H 


CH3 

VIII 


short time. Moreover, the addition of ('-)-ethyl a-bromopropionatc, 
IX, to l-o(it-ene, X, under the influence of a trace of acetyl peroxide. 


CH3—CHBr—CO2C2II5 

IX 


Cn2=CH--n-C6lIi3 

X 


VI (cf. pages 667 f.) leads similarly to a product XI with a small, 


CH2—CHBr—n-Cellia 

CH3—CH—CO2C2H5 

XI 


CH 3 —CH—CO 2 C 2 H 5 

XII 


but definite, levorotation.^^*^ Again, the intermediate radical, XII (cf. 
equations 15-36-15*39), must be assumed to be not instantaneously 
racemized. 

The observed inactivity of the l,2-clichloro-2-methylbutane, III, obtained by 
chlorination of (+)“l-chloro-2-methylbutane, II, may indicate that the radical IV 
has a lower optical stability than either of the radicals VIII and XII. On the other 
hand, it may indicate merely that the molecular rotation of the optically pure dichlo- 
ride, III, is (jomparatively small, so that the residual activity of the almost (but 
not quite) completely racemized material has in this instanwj escaped detection. In 
either event, the conclusion that the chlorination does not proceed by a one-step 
reaction with Walden inversion (see above) is not invalidated. 

The triphenylmethyl radical might be expected to be completely 
planar, since all the resonating structures, XIII-XV, etc., can be free 
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M. S. Kharauch and P. S. Skell, personal communication. 
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of strain at the same time only if the three phenyl groups are coplanar 
with one another and with the central carbon atom. Such complete 
planarity is, however, impossible inasmuch as it would require that the 
ortho hydrogen atoms attached to different rings lie unreasonably close 
to one another. (Cf. Section 9*0.) Consequently, some departure from 
planarity is unavoidable. The true shape of the radical is not known. 
One possibility is that each of the benzene rings is rotated slightly about 
the bond by which it is joined to the central carbon atom, so that the 
molecule resembles a three-bladed propeller. Since each of the carbon- 
carbon bonds about which the rotation is thus considered to occur is a 
double bond in some of the structures involved, a certain amount of 
strain would therefore be introduced. Moreover, if the departure from 
strict planarity is instead assumed to be of some different type, an 
analogous strain would still be present. Consequently, the stabilization 
of the radical by the resonance must be somewhat smaller than it would 
otherwise have been; there is no reason, however, to suppose that this 
decrease in the stabilization is so great as seriously to affect the earlier 
theoretical discussion (Section 15*13). 

15*16 Metal Ketyls, A solution of benzophenone, I, in an inert 
solvent like dry ether or benzene becomes intensely blue if it is treated 
with metallic sodium or with sodium amalgam. The color thus produced 
is discharged rapidly by numerous reagents. With oxygen, for example, 
the original colorless benzophenone, I, is regenerated, and sodium 

(C6H5)2C==0 (C6H6)2C(0H)—CO 2 H (CeH5)2CHOH 

I n III 

peroxide Na 202 is formed; with iodine, benzophenone is again regen¬ 
erated, and sodium iodide is formed; with carbon dioxide, benzilic acid, 
II, can be isolated from the material first formed; with water, an equi- 
molecular mixture of benzophenone, I, and benzhydrol. III, is produced; 
and with dilute aqueous acetic acid, benzpinacol, IV, is obtained almost 


(C6H5)2C—C(C6ll5)2 

in OH 

IV 


(C6H5)2C-— 0 -Na+ 
Na+ 

V 


exclusivelyWith excess sodium or sodium amalgam, on the other 
hand, the solution slowly assumes the intense violet color of the disodium 
derivative, V. 

«» W. E. Bachmann, J. Am. Chan. Soe. U, 1179 (1933). 



Sec* 15*16 


Metal Ketyls 


717 


The sensitive blue product of the original reaction between benzo- 
phenone and sodium is called benzophenone sodixim; it is an example of a 
rather large group of compounds known as metal ketyls. Most aromatic 
ketones, in fact, give rise to analogous ketyls; even a few ketones like 
hexamethylacetone, and pivalophenone, VII,with highly 

(CIl3)3C—CO—C(CH3)3 Cells—(X:)—C(CH3)3 

VI VII 

branched aliphatic groups, are reported to behave similarly. Moreover, 
the sodium can be replaced by any of the remaining alkali metals, 
lithium, potassium, rubidium, or cesium, or by beryllium (plus beryllium 
iodide), magnesium (plus magnesium iodide or in an amalgam), or 
calcium. Finally, the reduction of an aromatic ketone to the correspond¬ 
ing pinacol (as, for example, the reduction of benzophenone, I, to benz- 
pinacol, IV) by the action of a mixture of metallic magnesium and 
magnesium iodide Mgl 2 in dry ether or benzene doubtless proceeds 
through a metal ketyl in which the hypothetical magnesium subiodide 
Mg I takes the place of an alkali metal. This interpretation of the 
reaction is supported by the appearance of an intense color during the 
reduction. Analogy suggests that the pinacol reductions of simple 
aliphatic ketones, like acetone, by metal-acid combinations may also 
involve metal ketyls as intermediates; there is, however, no conclusive 
experimental evidence supporting this view. 

The empirical formula of benzophenone sodium has been found to be 
CaaHioONa. The substance, since it therefore contains one atom of 
sodium for each molecule of benzophenone, may have either the mono¬ 
meric structure, VIII, or the dimeric structure, IX. In the former event, 

(C 6 H 5 ) 2 C—0~Na+ 
(C6H5)2C—0~ Na+ (C6H5)2(L-0~- Na+ 

VIII IX 

the compound is a free radical; in the latter, it is the disodium salt of 
benzpinacol, IV. The free radical structure is supported by the intense 
color and great reactivity of the ketyl; the dimeric structure, on the 
other hand, is supported by the easy transformation of the ketyl into 
benzpinacol. A reasonable interpretation of the data is accordingly 

A. E. Favorsky and I. N. Naaarow, BvU. aoc. chim. [5] 1 , 46 (1934). 

I. N. Naaarow, Compt. rend. acad. ad. (U.R.S.S.) [N.S.] 1, 326 (1934); C.A. 28 , 4407 
(1934). 

^ M. Oomberg and W. E. Baohmann, J. Am. Chem. Soe. 49 , 236 (1927), 
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that, in solution, an equilibrium exists between the monomeric and 
dimeric forms (equation 15*79). 


(CfiH.OsC—O- Na+ 

2 (C6H5)2C—0-Na+ I (15-79) 

(C6H5)2C—0-Na+ 

VIII IX 

Schlenk and Thai considered that the equilibrium in a solution of 
benzophenone potassium in ether is greatly, if not completely, in favor 
of the monomeric free radical. Their evidence for this belief was that 
they found the boiling point of a solution of benzophenone not to change 
on the addition of potassium; since, therefore, the total number of solute 
molecules remained unaltered during the formation of the potassium 
ketyl, no appreciable amount of dimer could have been formed. More 
recent investigators,^®® however, were not able to confirm Schlenk and 
ThaPs experimental result; instead, they found that the boiling point 
of the solution decreased as the ketyl was formed, and that the extent 
of the decrease corresponded approximately to complete dimerization. 
In view of the anomalies found in the apparent molecular weights of the 
hexaarylethanes (see Section 15*9), it may be doubted whether any 
significant information can be obtained from such experiments as these. 

The problem of measuring the positions of the equilibria in solutions 
of metal ketyls was not solved until the magnetic method was applied. 
(See pages 691 ff.) In this way, the dissociations of the metal pinac- 
olates have been found to vary widely with the solvent and with the 

TABLE 15-3 

Dissociations of Some Metal Pinacolates in Solution 


Concen¬ 
tration Tem'pera- Per cent 
in ture in Disso- 


Ketone 

Metal 

Solvent 

Wt. % 


ciation 

(C6H6)2C0 

Na 

Benzene 

1.7 

25 

<1 « 

it 

K 

Dioxanc 

15 

24 

83® 

p-CeHs — C 6 II 4 

^0 

Na 

Benzene 

9.4 

27 

1.7“ 

C,H5 

* “ 

Na 

Dioxane 

3.0 

26 

41 “ 

it 

K 

Dioxane 

17 

24 

83* 


« R. N. Doescher and G. W. Wheland, J. Am, Chem, Soc. 58, 2011 (1934), 
^S. Sugden, Trans, Faraday Soc, 30 , 18 (1934). 


^ R. N. Doescher and G. W. Wheland, J, Am, Chem. Soc. 56, 2011 (1934). 
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identities of both the ketone and the metal.^®®*^®^ Some data which 
illustrate the variations in degree of dissociation are given in Table 15-3. 
Similar variations have been observed also in the solid state, as is shown 
by the data of Table 15-4. A further example of the effect of the metal 


TABLE 15*4 

Dissociations of Some Metal Pinacolates in the Solid State at 17®-18®C " 

Per cent 

Ketone 

n 


(CelWsCO 

b-(CH 3 ) 2 N—C6H4—I2CO 

u 

it 

" E. Mi'iller and W. Janko, Z. Elekt 
Sugdeii, J. ('fteni. Soc. 1936, 440. 


Metal 

DissocfMtion 

K 

0 

Li 

4 

K 

77 

Li 

29 

Na 

79 

K 

96 

380 (1939). 

See also F. L. Allen j 


upon the properties of the ketyl is given l)y the fact that, although benzo- 
phenone sodium is dark blue, benzophenone lithium is light green in 
solution,and the magnesium iodide derivative of benzophenone forms 
a red solution.^®'^-^®** 

The theoretical explanation of the dissociations of the above tetra- 
aryl pinacolates is presumably similar to that suggested in Section 15 • 13 
for the analogous dissociations of the hexaarylethanes. On the one hand, 
the bulky aryl groups doubtless interfere sterically with one another, so 
that they lengthen, and weaken, the central carbon-carbon bonds of the 
dimers; on the other hand, resonance with such structures as X, XI, XII, 







C— O: Na+ 


XI 


/\ 


C— O: Na+ 

/V '* 




XII 


Sugdeii, Trane, Faraday Soc, 30, 18 (1934). 
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and XIII, which can be written for the free radicals but not for the 

^ 

C—0: Na+ 

•* 

V 

XIII 

undissociated pinacolates, must also favor the dissociation. Finally, the 
electrostatic repulsions between the two negatively enlarged halves of 
the pinacolate ions must be at least partially responsible for the fact 
that the dissociations occur only in the ions and not in the electrically 
neutral pinacols. 

The monomeric metal ketyls are most commonly classified with the 
triarylmethyls as free radicals containing trivalent carbon. Such a 
classification is, however, not strictly correct. Although each resonating 
structure of a triarylmethyl (cf. page 709) contains a trivalent carbon 
atom with an unpaired electron, the situation is different with the metal 
ketyls. In each of structures X, XI, and XIV, for example, the atom 



XIV 


with the anomalous valence is indeed a carbon atom, but in structures 
XII and XIII it is instead an oxygen atom. To the extent, therefore, 
that structures like these last two contribute to the states of the reso¬ 
nance hybrids, the metal ketyls might with some justification be de¬ 
scribed as free radicals containing univalent oxygen. There is, accord¬ 
ingly, an ambiguity regarding the identity not only of the specific atom, 
but even of the element, which has the anomalous valenq^. Similar 
ambiguities will be encountered also in all the further types of free 
radical discussed in the following sections. 

15*17 Free Radicals Containing ‘‘Univalent Oxygen.” There 
exist a number of free radicals Which, for historical rather than logical 
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reasons (cf. the preceding paragraph), are said to contain univalent 
oxygen. One of the first compounds of this class to be investigated was 
the one which may be presumed to resonate among such structures as 
I~V. (Only the first two of .these structures really contain univalent 



oxygen.) This compound is apparently formed (however, see the follow¬ 
ing paragraph) by the dissociation of the peroxide, VI, which is itself 



VI VII 


prepared by the oxidation of the hydroxy ether, VII, with potassium 
ferricyanide.^®® Although the peroxide is colorless in the solid state, its 
solutions in such solvents as ether, benzene, and chloroform are greenish 
blue and do not obey Beer^s law. (See pages 684 f. and 689 ff.) Moreover, 

108 s. Goldschmidt and W. Schmidt, Ber, 55, 3197 (1922). 
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the apparent molecular weight of the peroxide (by the freezing-point 
method in benzene) is abnormally low. The compound also combines 
with triphenylmethyl, as is shown by the disappearance of the color of 
each reagent; the diether VIII, wliich is presumably formed, has not 


(C6li5)3C—OH 

IX 

been obtained, but its existence has been made prolmblo by the isolation 
of its hydrolysis products, triphenylcarbinul, IX, and the hydroxy other, 
VII. Unlike the free radicals considered heretofore, this compound is 
insensitive toward oxygen; it can, accordingly, be worked with in an 
open vessel. A number of other peroxides which have structures 
analogous to VI, and which have been made in a similar way by the oxi¬ 
dation of phenols, have also been found to have similar properties.^®®* 
Although the chemical evidence whicii has just been cited seems clearly 
to indicate that the peroxide, VI, dissociates into free radicals, magnetic 
measurements have nevertheless shown that, in benzene solution in 
the dark, there is little, if any dissociation (less than 2 per cent). When 
the solution is illuminated with (mostly) visible light, however, the 
magnetic measurements show that an appreciable dissociation does 
occur. Cutforth and Selwood point out that, since Goldschmidt and his 
coworkers presumably took no pains to shield their solutions from light, 
and since the dissociation is slow,^®® there is not necessarily any contra¬ 
diction between the earlier chemical experiments and the more recent 
magnetic ones. 

The structure of 2,2'-dithiobisbenzothiazole (2-benzothiazolyl disulfide), X, is 



X 


^S. Goldschmidt, J5cr. US, 3194 (1922); 8. Goldschmidt and C, Steigerwald, Ann, 438, 
202 (1924); S. Goldschmidt, A. Vogt, and M. A. Bredig, ibid, 445, 123 (1925). 

H. G. Cutforth and P. W. Selwood,./* Am, Chem, Soc, 70, 278 (1948). 
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somewhat analogous to that of the peroxide, VI. The solution of this disulfide in 
toluene becomes colored when the temperature is rais(jd to above 80and then 
fades when the temperature is again lowered. Magnetic measurement^^'® have 
shown that, in toluem^, the; compound dissocnab^s appreciably into frtjci radicals 
containing “univalent, sulfur’^ (even in the dark), and that the degree of dissociation 
increases with the temperature. 


A closely related group of free radicals with “univalent oxygen^’ is 
represented by the substance for which such resonating structures as 
XI-XIV can be written. This compound may be prepared directly 



XI XII XIII XIY 


by gentler reduction of the quinone XV, or indirectly hy more extensive 



XV XVI XVII 


reduction of the same quinone XV, all the way to the hydroquinone XVI, 
subsequent rearrangement of the latter to the hemiacetal XVII, and 
final oxidation of the hemiacetal. Several analogous free radicals, in 
which one or more substituents are joined to the aromatic rings, have 
also been prepared by the corresponding reactions.^^^'^^*-^ All these sub¬ 
stances are colored (usualty violet); unlike the simpler compounds just 
discussed, they are somewhat (but not very) sensitive toward oxygen, 
and they have little if any tendency to dimerize. 

The original evidence that the free radicals now under discussion do 
not dimerize consisted of measurements of apparent molecular weight 

Scholl and H. liable, Ber. 54, 2376 (1921); 66, 918, 1066 (1923); R. SchoU, H. 
Dohnert, and H. Semp, ibid, 56, 16.33 (1923); R. Scholl, S. Hass, and H. v. Hoessle, ibid, 
64, 1168 (1931). 

h, R. Fieser and W. Y. Young, J, Am, Chem, Soc, 54, 4096 (1932). 
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in nitrobenzene at both the boiling and freezing points. Much more 
conclusive evidence was obtained later/^^ however, by a potcntiometric 
method based upon the following principles. If a platinum electrode 
is immersed in a solution containing an oxidizing agent A and a reducing 
agent By a potential is set up. If the ^^single electrode^^ which is thus 
established is a reversible one, its potential E can be measured against 
that of some standard electrode. The thermodynamic relation between 
E and the activities (.4) and {B) of the oxidizing and reducing agents, 
respectively, is shown in equation 15 • 80, where R is the gas constant, 

RT (A) 

E^ + — In— (15-80) 

nF (B) 

T is the absolute temperature, n is the number of electrons (per molecule) 
transferred from B to Ay F is the faraday (about 96,500 coulombs), 
and the constant E° is the so-called standard electrode potential, the 
value of which is characteristic of the oxidizing and reducing agents. 
Now, if a solution of the reducing agent B is titrated potentiometrically 
by the addition of some oxidizing agent C, which is strong enough to 
transform an equivalent quantity of B (practically) completely into A, 
and if the measured potential E is plotted against the amount of oxidiz¬ 
ing agent C that has been added, the value of n can, with the aid of 
equation 15-80, be determined from the shape of the resulting curve. 
When Fieser and Young titrated a slightly acidic solution of 1-benzoyl- 
anthrahydro(iuinone, XVI, with p-benzoquinone, XVIII, immediately 

O 


II 



o 


XVIII 

after the former substance had been prepared by the catalytic reduction 
of the quinone XV, they obtained a curve with n equal to 2; the reversi¬ 
ble 1-step 2-electron change involved under these circumstances is doubt¬ 
less merely the oxidation of the hydroquinone XVI to the quinone XV. 
On the other hand, if the solution of the hydroquinone was allowed to 
stand for some time before the titration with the p-benzoquinone was 
carried out, or if the solution was heated, a different result was obtained; 
the titration curve under these conditions was found to consist of two 
distinct parts, the first of which had n equal to 2, but the second of 
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which had n equal to 1. The oxidation must therefore have followed 
two independent courses. The most reasonable interpretation of the 
data is that, when the hydroquinone XVI was allowed to stand, or 
when it was heated, it was 'partially transformed into the hemiacetal 
XVIL The observed reversible 2-electron change was, in fact, posi¬ 
tively identified as the direct oxidation of the residual hydroquinone to 
the quinone XV. The likewise reversible 1-electron change, on the other 
hand, was considered to be the oxidation of the hemiacetal, XVII, to 
the above free radical resonating among the various structures like 
XI-XIV. Since the two parts of the titration curve were distinct and 
clearly separable from one another, the two independent oxidation 
processes cannot have overlapped; that is to say, the oxidation of the 
hydroquinone XVI to the quinone XV must have been essentially com¬ 
plete before the oxidation of the hemiacetal XVII to the free radical 
began; or, in other words, no appreciable quantity of the free radical 
could have been formed before practically all the hydroquinone was 
oxidized. This fact is extremely fortunate since, if the two oxidations 
had overlapped, the interpretation of the titration curve would have 
been made much more difficult. 

Whether the above explanation of the data is exactly correct or not, the occurrence 
of a l-electron change shows conclusively that some sort of free radical WiiS formed 
in the oxidation. For, in any l-el(ictron changes, either the original reagent or the 
final product must have an odd number of electrons per molecule, and so at least 
one of these two substances must be a free radical. 

^The most thoroughly studied class of free radicals containing “uni¬ 
valent oxygen’^ consists of the semiquinones that were discussed from 
a different point of view in Section 2 • 7. The simplest example of such a 
free radical is the semiquinone which is obtained as an intermediate in 
the reduction of p-benzoquinone, XVIII, to p-benzohydroquinone, XIX, 



XEL XX XXI XXII xxin 


or in the oxidation of the latter compound to the former. In neutral or 
acidic solution, this semiquinone can be regarded as a resonance hybrid 
of such electrically neutral structures as XX~XXIII; in basic solution, 
however, it must instead be regarded as a hybrid of such anionic struc- 
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tures as XXIV-XXVII. (See also below.) Like some of the above free 



:Or :0- :OT 0 


XXIV XXV XXVI XXVII 

radicals containing “univalent oxygen/' the semi(iuinones are not 
sensitive to oxygen. That the semiquinones are indeed free radicals was 
first shown by a potentiometric method based upon the principles dis¬ 
cussed above.^^^ The interpretation of the data was here made difficult, 
however, by three different complications which were not encountered 
by Fieser and Young.^^^ In the first place, many of the semiquinones 
have greater or less tendencies to dimerize. In the S(HX)nd place, the 
semiquinones are stable only in basic solutions, in which both they and 
their corresponding hydroquinones arc, to varying extents, transformed 
into their negative ions; the complete equilibrium which must be studied 
in any given instance is, therefore, not one between a single oxidizing 
agent and a single reducing agent, but is instead one among several 
oxidizing agents and several reducing agents. And, in the third place, 
all three oxidation stages, i.e., the quinone, the semiquinone, and the 
hydroquinone, are usually present together in the same solution; the 
various steps of the studied oxidation or reduction therefore overlap. 
For these reasons, the mathematical treatment of the potentiometric 
data/^® is extremely complicated. In spite, however, of these several 
difficulties, which need not here be further described, Michaclis and his 
coworkers have been able in a number of instances to measure prcicisely 
the relative concentration of each component of the complex equilibrium 
mixture under varying conditions of concentration and pH. 

Semiquinones have been sho^vn to be free radicals not only by the 
above potentiometric method, but also by the magnetic method used 
with other types of free radical.^^^ The results obtained by the two inde¬ 
pendent procedures are in satisfactory qualitative and quantitative 
agreement with each other. 

The stabilities of the semiquinones must be due largely to resonance. 

Cf. L. Michaelis, Chem, Reoa, 16, 243 (1935); L. Michaolia and M. P. Schubert, ibid, 
22, 437 (1938). 

Cf., for example, L. Micliaelis, G. F. Boeker, and R. K. Reber, J, Am, Chem, Soc, 
60, 202 (1938). 
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The stcric factor, which is important with such radicals as the triaryl- 
methyls (see Section 15-13), may, to be sure, be partly responsible for 
the relatively small tendency of the semiquinones to dimerize; it cannot, 
however, account for the greatly reduced tendency of these compounds, 
especially in basic sohition, to disproportionate into equimolecular mix¬ 
tures of the corresponding quinones and hydroquinone ions (as, for 
example, in equation 15-81). Further evidence for the importance of 


O 


0 


— 

li 

0 " 

A 



/X 


A 




1 1 

+ 


A 



V 


A 

0 



II 

!l 

0 “ 


!l 

0 


(15-81) 


resonance can be derived from a consideration of the effect of alkalinity 
upon the stability. In neutral or acidic solution, the radical resonates 
principally among electrically neutral structures like XX~XXIII (see 
above), sciveral of which are relatively unstable on account of their wide 
separations of electric charge. (See Section 10-9.) In basic solution, 
however, the radical resonates principally among anionic structures like 
XXIV-XXVII, no one of which is made especially unstable by a 
separation of charge. The resonance must, therefore, be much more 
effective in stabilizing the anionic radical than it is in stabilizing the 
electrically neutral one; consequently, the semiquinone should be most 
stable in a basic medium, as it is in fact found to be. 

15*18 Free Radicals Containing “Bivalent Nitrogen.” Since 
the single bond between the two nitrogen atoms in hydrazine H 2 N— 
is apparently rather Aveaker than the one between the tw’^o carbon atoms 
in ethane II3C—CH3, tetraphenylhydrazine, I, may be expected to 

(C6ll6)2N—N(C6H5)2 (C6H5)2N I 

I II 

dissociate into diphenylamino radicals, II, more readily than tetra- 
phenylethane. III, dissociates into diphenylmethyl radicals, IV. This 

(C6H5)2CH—CH(C6H5)2 (C6H5)2CH 

III IV 

prediction appears to be correct; for, although tetraphenylethane does 
not dissociate appreciably in solution even at fairly high temperatures, 
tetraphenylhydrazine gives some evidence of doing so. Thus, a solution 
of this latter compound in toluene is colorless at room temperature, but 
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it becomes greenish brown when heated to about 90®C. Although the 
color does not fade completely again if the solution is cooled, the assump¬ 
tion that the radical II is formed is nevertheless reasonable; at the high 
temperature, the hydrazine is transformed into a mixture of products, 
including diphenylamine, V, and 9,10-diphenyl-9,10-dihydrophenazine, 


(C6H5)2NH 

V 


CgHs 




Wn/v 


CeHs 

VI 


VI, which can be explained most simply as having resulted from a dis¬ 
proportionation of the radical. Further support for the belief that 
tetraphenylhydrazine, I, dissociates into diphenylamino, II, is provided 
by the fact that, in toluene solution at about 90°C^/, the former substance 
reacts with nitric oxide to give N-nitrosodiphenylamine, VII, and with 


(C6H5)2N-N0 (C6H5)2N—C(C6H5)3 (C6H5)2N: K+ 

VII VIII IX 

triphenylmethyl to give triphenylmethyldiphenylamine, VIII. Further¬ 
more, the formation of the product IX (the potassium salt of diphenyl¬ 
amine) by the reaction with metallic potassium in ether also suggests the 
existence of diphenylamino radicals. (C/f. pages 703 f.) 

With certain derivatives of tetraphenylhydrazine, the evidence for the 
dissociation into free radicals is more satisfactory than is that with tetra¬ 
phenylhydrazine itself. Thus, although tetra-p-anisylhydrazine, X, is 


(p-CHs—O—C6H4)2N—N(C6H4--<)—CH3 -p)3 

X 

colorless in the solid state, it dissolves in benzene to form a solution that is 
green at room temperature, and that does not obey Beer’s law. The color 
of this solution, which becomes more intense as the temperature is raised, 
returns to its original intensity when the temperature is again lowered; 
presumably, therefore, the dissociation of this hydrazine not only in¬ 
creases with the temperature, but also is reversible. Moreover, an 
appreciable dissociation of tetra-(p-dimethylaminophenyl)-hydrazine, 
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XI, has been indicated by cryoscopic determinations of the apparent 


[p-(CH3)2N-C6H4]2N-N[C6H4-N(CH3)2]2 

XI 

molecular weight in both benzene and nitrobenzene. 

The tendencies of the tetraarylhydrazines to dissociate into diaryl- 
amino radicals may be considered due to both steric and resonance 
effects. The structures which make the total resonance energy of, for 
example, two diphenylamino radicals greater than that of one tetraphenyl- 
hydrazine molecule include XII and XIII (in addition to many others), 

XII XIII 

As with the free radicals containing ‘^inivalent oxygen/^ so also, with 
these further radicals containing ‘^bivalent nitrogen,the identity of 
the clement with the anomalous valence is ambiguous; in stmctures like 
XII and XIII, the unpaired electron is on a trivalent carbon atom, 
whereas, in such other structures as XIV (which must also take part in 

XIV 

the resonance), it is instead upon a bivalent nitrogen atom. 

The analogy between the tetraarylhydrazines and the tetra- or hexa- 
arylethanes is not as complete as might have been expected. Although 
hexa“j)-biphenylylethane, XV, and hexa-p-nitrophenylethane, XVI, are 


(/^C6ll5~CoH4)aC--C(C6ll4-C6H5-p)3 

XV 

(P-O2N—C6H4)3C-C(C6ll4-N02-p)3 

XVI 

much more highly dissociated than hexaphenylethane (see Table 15-2, 
pages 694 f.), Wieland^^^ has concluded that tetra-p-biphenylylhy- 
drazine, XVII, is somewhat less dissociated than tetraphenylhydra- 


(p-CeHs—C6H4)2N-N(C6H4-C6H5 -p)2 

XVII 


H. Wieland, Die Hydrazine^ Ferdinand Enke, Stuttgart, 1913, pages 71 flF, 
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zine, and that l,2-dipheriyl-l,2-di~p-nitrophenylhydrazine, XVIII, is 
P-O 2 N—06114—N-^N—Cr>n4—NO 2 -P 

I I 

Cells Cells 

XVIII 

not dissociated at all. The effects of p-phenyl and of p-nitro groups in 
the two series are therefore in opposite directions. On the other hand, 
with both the ethanes (see Table 15*2) and the hydrazines,methyl 
and methoxyl substituents increase the dissociations, and are most 
effective in the ortho positions. The reason for these inconsistencies is 
not known. It should be noted, however, that Wieland^s estimates of 
the relative degrees of dissociation may not be completely reliable since, 
in view of the instabilities of the hydrazines, these estimates had to be 
based upon such data as the temperatures at which visible colors could 
be detected, the velocities of disproportionation and of other reactions, 
etc. Obviously, such estimates can have little quantitative significance; 
in some instances, they may even be qualitatively incorrect. 

A group of compounds that an^ much more extensively dissociated into 
free radicals nnth ^‘bivalent nitrogen^^ than are the tetraaryl hydrazines 
is illustrated by hexaphenyltetrazane, XIX. This substance, which is 

(Con5)2N~-N-^N—NCCells). (CeH.OsN—NH 

CeHr, Cells 

XIX 


CeHs 

XX 


prepared by the oxidation of triphonylhydrazine, XX, with lead dioxide 
at about —can be obtained in ^‘almost white’' crystals, but its 
solutions in ether, toluene, chloroform, etc., are intensely blue. These 
solutions do not obey Beer’s law, and their colors become more intense 
as the temperature is raised. At room temperature or above, the com¬ 
pound decomposes rapidly, whether in the solid state or in solution. 
Since, moreover, the tetrazane, XIX, reacts with nitric oxide and with 
triphenylmethyl to form the products XXI and XXII, respectively. 


(C6H5)2N-N-N0 

ieHs 

XXI 


(CeH6)2N-N-C(C6H5)3 

CeHs 

XXII 


the compound can be considered to dissociate spontaneously and re¬ 
versibly into intensely colored triphenylhydrazyl radicals, which reso¬ 
nate among such structures as XXIII-XXVI, of which only the ones 

“•a Goldschmidt, Ber. 63,44 (1920). 
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XXVI 


V 


like XXIII have analogs in the imdissociated tctrazane. 

The dissociation of the tetraphenyldi- 2 >-chlorophenyltctrazane, XXVII, 

(C6H5)2N—N-N—N(C6H5)2 


p-Cl—C6H4—Cl-P 

XXVII 


seems to be even more extensive than is that of the unsubstituted com¬ 
pound, XIX.^^’ In fact, solutions of the former substance obey Beer\s 
law at — 20°C (although they disobey this law at — 70°C); evidently, 
therefore, the dissociation of the tetrazane XXVII must be practically 
complete at the higher temperature, since it then does not increase 
appreciably as the solution is diluted. On the other hand, the dissocia¬ 
tion must be incomplete at the lower temperature. That the further 
tetrazane XXVIII dissociates completely into 2,2-diphenyl-l-picryl- 


(C6H5)2N—N- 

/\ 


NO 2 


-N—N(C6H5)2 


02W W2 


02NrAjN02 


xxvin 


NQ 2 


(C6H6)2N—N: 


NO 2 

XXIX 


S. Goldschmidt, A, Wolf, E. Wolffhardt, I. Drimmer, and S. Nathan, Ann, 437, 194 
(1924). 
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hydrazyl radicals, XXIX, was suggested originally by a cryoscopic 
determination of the apparent molecular weight in nitrobenzene; this 
conclusion was later confirmed by magnetic measurements on the crystal¬ 
line solid.^^®'^^®'^-^ It is surprising, and not at present explainable, that 
nitro groups increase the dissociation of this tctrazane, although they 
decrease that of the apparently analogous hydrazine XVIII. 

Tetrazanes with both acyl and aryl groups have been studied some¬ 
what more thoroughly than have the ones with only aryl groups.^^^* ^22 
With respect to methods of preparation and properties, however, the 
two classics of tetrazane are closely similar. Tetraphenyldibenzoyl- 
tetrazane, XXX, for example, is made by the oxidation of diphenyl- 

(C6H5)2N—N-^N—N(CgH5)2 

I I 

Colls—CO OC—Cells 
XXX 

(C6H5)2N—Nil (Con5)2N—N: 

I I 

OC-Cells OC—CeHe 

XXXI XXXII 

benzoylhydrazine, XXXI; in solution at low temperatures, it dissociates 
appreciably into diphenylbcnzoylhydrazyl radicals, XXXII; and at 
room temperature or above, it rapidly de(‘omposes. The evidence for 
the dissociation into free radicals is obtained partly from a cryoscopic 
determination of the apparent mole(*ular weight of the tetrazane in 
benzene, partly from the failures of the solutions in benzene, toluene, 
and chloroform to obey Beer’s law, and partly from direct analysis. The 
analytical method employed was made possible by the fact that the 
hydrazyl radical, XXXII, is rapidly reduced to the corresponding 
hydrazine XXXI by hydroquinone XXXIII (which is oxidized in the 


OH 

A 

\/ 

OH 

XXXIII 

^ S. Goldschmidt and K. Ronn, Ber, 65, 628 (1922). 

H. Katz, Z. Phyaik 87, 238 (1933). 

^E. Mailer, I. Miiller-Kodloff, and W. Bunge, Ann, 520, 235 (1935), 

^ J. Turkevich and P. W. Selwood, J. Am, Chem, Soc, 63, 1077 (1941). 

^S. Goldschmidt and K. Euler, Ber, 06, 616 (1922); S. Goldschmidt and J, Bader, Ann. 
473, 137 (1929). 
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process to quinone XXXIV), but that the equilibrium between the 
hydrazyl and the tetrazane XXX (which is not reduced directly by 
hydroquinone) is established only slowly; consequently, the amoimt of 
radical present at equilibrium is equivalent to the amount of hydro¬ 
quinone that is oxidized immediately; whereas the total amount of 
hydrazyl plus tetrazane is equivalent to the amount of hydroquinone 
that is oxidized finally after sufficient time has been allowed for the 
reaction to go to completion. In this way, the position of the equilibrium, 
and hence the value of the equilibrium constant at any desired (suffi¬ 
ciently low) temperature can be determined; moreover, from the tem¬ 
perature coefficient of the equilibrium constant, the heat of dissociation 
can be calculated. These data for tetraphenyldibenzoyltetrazane, 
XXX, are listed in Table 15-5. 

TABLE 15-5 


Dissociations of Some Tetraaryldiacyltetrazanes of General Structure 
Arx\(Ar')N—N(CO—Cello)—N(CO—C 6 H 5 )—N(Ar')Ar« 





K X 10^ at 
-18.5°Cm 

AH of dis¬ 
sociation 
in kcal per 

Ar 

Ar' 

Solvent 

7noles per liter * 

mole « 

P-O 2 N — C 6 H 4 

— Gcll4 

Chloroform 

0.06^ 


P-02N~-C6H4 

CsHs 

Chloroform 

8.3 

18 

p-Br—C 6 H 4 

p-Br—C 6 II 4 

Toluene 

1.45 

12.5 

p-Br—C 6 H 4 

CeUo 

Toluene 

3.3 

.... 

Cells 

CeHo 

Toluene 

11.5 

10 

P-CH3~-C6H4 

CcHs 

Toluene 

43 

9 

P-CH3~C6H4 

P-CII 3 —C 6 TI 4 

Toluenii 

170 

8 

p-CIIsO—C 6 H 4 

Celfs 

A(;etone 

350 

7.5 

P-CH 3 O—C 6 H 4 

P-CH 3 O—Colli 

Acetone 

CompleUily 
dissociated « 

.... 


® S. Goldschmidt and J. Bader, Ann, 473, 137 (1929). For further data referring to 
some additional compounds, see S. Goldschmidt, A. Wolf, E. Wolffhardt, I. Drimmer, and 
S. Nathan, ibid, 437, 194 (1924). 

^ As in the original paper by Goldschmidt and Bader, the equilibrium constant K is here 

(hydrazyl)^ cchn 

defined by the slightly modified equation K = t— -^: « --* The value of K 

4(tetrazane) 1 — a 

is therefore exactly H as great as it would have been if the more usual definition of equar 
tion 16*64 on page 690 had instead been adopted. 

® Hounded off and averaged values. 

**At 0°C. 

•At both -60^0 and 0®C. 

A number of further tetraaryldiacyltetrazanes, which differ from XXX 
in the identities of both the aryl and the acyl radicals, have been prepared 
and studied. The equilibrium constants and heats of dissociation of 
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several such compounds are also given in Table 15-5. It is interesting, 
and perhaps again unexpected, that nitro substituents on the aryl 
groups joined to the terminal nitrogen atoms of the tetrazanes decrease 
the dissociation; in this respect, the nitro groups here resemble the ones 
in the dinitrotetraphenylhydrazine, XVIII, but differ from the ones in 
both hexa-p-nitrophenylethane, XVI, and tetraphcnyldipicryltetrazane, 
XXVIIL 

15*19 Free Radicals Containing ^^Quadrivalent Nitrogen.” 

The compounds of ‘*bivalent nitrogen^’ that were discussed in the preced¬ 
ing section can be considered related to the simple inorganic free radical, 
nitric oxide, NO, by the presence of two organic radicals in the place 
of one oxygen atom. Similarly, there exist also several compounds of 
^^quadrivalent nitrogen^^ which can be considered related in the same 
way to a second inorganic radical, nitrogen dioxide N() 2 . The simplest 
example of this latter class of free radicals is given by diphenylnitrogcn 
oxide (diphenylnitroxide) which is prepared by the oxidation of N,N- 
diphenylhydroxylamine, I, with silver oxide, and which may be con- 



II m IV V 


sidered to resonate among structures of the various types II-V. 

The classification of dipheiiylnitrogen oxide as a compound of “quadrivalent 
nitrogen*^ is more than usually inappropriate. Although the unpaired electron is 
upon a nitrogen atom in structure II, it is instead upon an oxygen atom in structures 
III and V, and upon a carbon atom in structure IV. Moreover, in no structure does 
the nitrogen atom both have the unpaired electron and also form four covalent 
bonds. The expression “quadrivalent nitrogen” is derived from the originally used 
classical structure VI, the electronic analog of which (VII) places nine electrons in 

(C6H6)2N=0 C6Hb:N: :0: 

C6H5 

VI VII 

the valence shell of the nitrogen atom. 
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Diphenylnitrogen oxide is a red crystalline substance; it forms red 
solutions which do not fade noticeably at even — 50°C. That the free 
radical does not associate to a dimer has been shown both by a cryoscopic 
determination of its apparent molecular weight in benzene and by a 
magnetic measurement upon the pure solid.^*^^ ”^’^^® 'J^he compound 
combines with both nitric oxide and triphenylmethyl; its reactions 
with these two reagents are somewhat more complicated, however, than 
are the analogous ones of the other free radicals discussed previously. 
I'he major product obtained in the reaction with nitric oxide, for exam¬ 
ple, is p-nitrodiphcnylamine, VIII, which Wieland and Roth assumed 

(C6n5)2N+—o- 

P.O 2 N—C 6 H 4 —Nil—Cells NO 

vni IX 

to be formed by rearrangement of the hypothetical addition compound 
IX. The product obtained in the reaction with triphenylmethyl was 
also not entirely expected, since it contained two triphenylmethyl 
residues for each diphenylnitrogen oxide residue; Wieland and Roth 
assigned to this substance structure X. (Cf. the hydrocarbon XIII 

(C6H5)2N-0-C(C6Tl5)2<^ ^C(C6H5)3 

X 

on page 682.) 

Several derivatives of diphenylnitrogen oxide have been prepared, 
both by suitable modifications of the procedure outlined above and 
also by other essentially different reactions. For example, if anisole 
CftHs—OCH 3 is nitrated in a mixture of acetic and sulfuric acids, and 
if the nitration mixture is then treated with perchloric acid, there is 
obtained a small amount of a perchlorate salt,the cation of which may 
be considered to resonate among such structures as XI~XIII, If this 



XI 


««H. Wieland and M. Offenbacher, Ber, 47, 2111 (1914). 

L. Cambi, Gazz. chim. ital. 63, 679 (1933). 

H. Wieland and K. Roth, Ber, 63, 210 (1920). 

K. H. Meyer and H. GottUeb-BUlroth, Ber, 62, 1476 (1919). 
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XIX XX 


extremely unstable, however, it has not been extensively studied. The 
best-known free radicals of this type are tri-?>-tolylaminium pic.rate, 
XXI, tri-p-tolylaminium perchlorate, XXII, and tetra-p-tolylhydra- 

[(P-CH3—C6H4)3N]-^ 2,4,6-(N02)3CgI12-0- 

XXI 

Kp-CIIs—C6H4)3N]+ CIO4- 

XXII 

zinium perchlorate, XXIIL^^® The picrate is prepared by the reaction 
[(P-CH3—C6H4)2N—N(C6H4—CH3-P)2]+ CIO4- 

XXIII 

of the corresponding tertiary amine, XXIV, with lead dioxide in the 

(p-CIl3~C6ll4)3N 

XXIV 

presence of picric acid; the two perchlorates are prepared by the reaction 
of the amine XXIV and the hydrazine XXV, respectively, with chlorine 

(P-CH 3 —CoH4)2N—N(CoH4—CH3-p)2 

XXV 

tetroxide (C104)x, which is itself made by the action of iodine upon silver 
perchlorate.^^** (Cf, also footnote m of Table 1 • 1 , page 4 .) 

The above aminium cations do not associate appreciably to dimers, 
presumably because the monomeric forms are specially stabilized by 
resonance with structures like XIX and XX, no analogs of which can 
be written for the hypothetical dimer; and also because the steric repul¬ 
sions of the bulky phenyl groups prevent the formation of a strong 
nitrogen-nitrogen bond; and finally because the positive charges lead 
to strong repulsions between the cations. The experimental evidence 
that dimerization does not occur is derived partly from the intense colors 

Weitz and H. W. Schweohten, Ber. 59, 2307 ( 1926 ), 60, 1203 ( 1927 ). 
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of the salts, but most conclusively from magnetic measurements on 
tri-p-tolylaminium perchlorate, 

The semiquinones (Wurster’s salts) related to p-phenylene diamine, 
XXVI, and its derivatives (cf. Section 2*7) are somewhat analogous to 


:NH2 

•N+Ho 

:NH2 

A 

A 

1 

A 

1 

A 

1 

V 

1 

V. 

:NH2 

:NIl2 

•N+I 12 

XXVI 

XXVII 

XXVIII 


N+H2 

II 

/\ 


:NH2 

XXIX 


the aminium cations. Thus, tlie somi(piinone cation obtained from the 
parent diamine, XXVT, can resonate among several structures like 
XXVII-XXIX. The reason why such scmiciuinories are most stable 
in acidic solution should now' be apparent; for, in neutral or basic 
solution, the semiquinone w'ould be elec^trically neutral, and so the reso¬ 
nance would then have to occur among such structures as XXX^-XXXII, 




:NH 

•Nil 

-:N1I 

II 

A 

A 

1 

A 

V 

1 


:NH2 

+-NH2 

:NH2 

XXX 

XXXI 

XXXII 


some of which are relativc^ly very unstable on account of their wide 
separations of charge. (Cf. Section 10*9.) That these semiquinones 
arc really free radicals, like the ones containing oxygen in place of 
nitrogen, has been shown by both the potentiometric and mag¬ 
netic 119.129,130 methods. 

An essentially different type of free radical, which may with some 
justification be said to contain quadrivalent nitrogen, can be illustrated 
by the electrically neutral ammonium NH 4 .^®^ This substance is not 
known in the pure state, but it can be obtained as an amalgam by the 
electrolysis of an aqueous ammonium salt with a mercury cathode, or 
by the reaction between an alkali-metal amalgam and an ammonium 

129 P. Rumpf and F. Trombe, Compt. rend. 206, 671 (1938); J. ckim. phya. 35, 110 (1938). 

130 L. Pauling and J. II. Sturdivant, quoted by L. Pauling, The Nature of the Chemical 
Bondf Cornell University Press, Ithaca, Ist ed., 1939, page 259, 2nd ed., 1940, page 279. 

191 Cf. J. W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemialry^ 
Longmans, Green, and Company, London, Volume IV, 1923, pages 1005 ff. 
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salt. Moreover, a solution of ammonium in liquid ammonia is formed 
at the cathode when a solution of ammonium chloride in that solvent 
is electrolyzed. The radical is rather unstable; it decomposes spon¬ 
taneously, or whenever an attempt is made to isolate it, into ammonia 
and hydrogen. In its properties, it resembles an alkali metal; thus, its 
solution in liquid ammonia is blue (although the color rapidly fades as 
the ammonium decompos( 5 s), and its amalgam is an effective reducing 
agent that can, for example, reduce p-nitrophenol, XXXI11, to p-amino- 



XXXIII XXXIV 


phenol, XXXTV.'-^*^ 

Tetraethylarnmonium (C 2 ll 5 ) 4 X also has been made in liquid am¬ 
monia solution, both by the electrolysis of tetraethylarnmonium iodide 
(or chloride) and by the action of metallic potassium upon tetraethyl- 
ammonium chloride.^^^^^ The resulting solution of this radical is again 
blue, but it soon becomes colorless. Schlubach and Ballauf have re¬ 
ported that, after the change in color has oc.curred, the radical can be 
shown (by the reaction with iodine to form tetraethylarnmonium iodide) 
to be still present in undiminished concentration. No explanation of 
this change in color without simultaneous decomposition can at present 
be given; obviously, the problem needs further investigation. 

Ammonium and tetraethylarnmonium differ from all the other free 
radicals considered previously, in that each of the two ammoniums 
apparently contains a nitrogen atom with nine electrons in its valence 
shell. The exceptional electronic structures, XXXV and XXXVl, 

II C 2 II 5 

1I:N:1I Il5C2:N:C2ll5 

ii C2U5 

XXXV XXXVI 

respectively, doubtless provide the explanation for the fact that the 
radicals can exist only in solution in a solvent like liquid ammonia or 
mercury. In cither of these solvents, the ammonium presumably be¬ 
haves in the same way as does an alkali metal; that is to say, it disso¬ 
ciates into the corresponding positive ion and an electron. The positive 
ion is here, of course, an ammonium (rather than an alkali-metal) cation; 
its nitrogen atom now has only eight electrons in its valence shell 

S. Takagi, T. Ueda, and T. Sakaguti, J, Pharm, Soc. Japan 68 , 938 (1938); C.A, 33, 
2113 (1939). 

H. H. Schlubach and F. BaUauf, Ber, 64, 2811 (1921). 
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(structures XXXVII aond XXXVIII). In liquid ammonia, the electron 


H 

II:N:+H 

ii 

XXXVII 


C 2 H 5 

HeCzrNr+CzHg 

C2H6 

XXXVIII 


is solvated; it, rather than the ammonium radical or ion, is responsible 
for the blue color of the solution. In the amalgam, on the other hand, 
the electron becomes one of the so-called ^^conductivity electrons.’’ 

All moials are considered to consist of a more or loss rigid framework, which is 
composed of the positively charged atomic kernels, and whii^h is immersed in a 
“sea” of (almost) freely moving electrons. This picture c‘xplains, among other 
properties, the high electric conductivities of metals since, under an imposed electric 
field, the heavy kernels may remain stationary, and only the light conductivity 
electrons need move.^^ 

15-20 Organometallic Analogs of the Hexaarylethanes. Hexa- 
phenyldigermanium, I, hexaphenyldilead, II, hexamethylditin, III, 

(C6H5)3Ge-Ge(C6H6)3 (C6H5)3Pb-Pb(C6H5)3 

I II 

(CH3)3Sn-Sn(CH3)3 (o-CH3—C6H4)3Sn—Sn(C6H4— 0113 - 0)3 

III IV 


hexa-o-tolylditin, IV, and hexacyclohexyldilead, V, have been considered 


r CH,—CH, 


r CHa—CH, 1 

/ 

\ 


/ 

\ 

H 2 C 

CH— 

Pb—Pb 

—CH 

CHa 

\ 

/ 


\ 

/ 

L CHa—CH 2 J 

3 

L CHa-CHa Ja 


V 


to dissociate into free radicals by rupture of the central metal-metal 
bonds. This opinion is supported by the chemical properties of the 
substances, and also by determinations of the apparent molecular 
weights in solution by both the melting-point and boiling-point methods. 
Some doubt is cast, however, by the fact that solutions of the compounds 
are colorless; completely conclusive evidence that no appreciable disso- 

Cf., for example, N. P. Mott and H. Jones, The Theory of the Propertiee ef MeUde and 
AUoySt Oxford University Press, Oxford, 1936. 
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ciation occurs has been obtained by magnetic measurements.^*® The 
explanation of the anomalous molecular weights is not known. The 
properties of these compounds illustrate most forcibly the risk which is 
run when, merely on the basis of chemical behaviors and apparent 
molecular weights, conclusions are drawn regarding the existence of free 
radicals. 

15*21 Biradicals. Ordinarily, a substance with an even number of 
electrons per molecule has no unpaired electrons, and hence is not a free 
radical. Conceivably, however, such a substance might have two un¬ 
paired electrons per molecule; it then would be a free radical or, more 
specifically, a biradicaL 

A few simple inorganic biradicals are kno\vn; the most familiar of 
these is oxygen O 2 , which has been found spectroscopically to have 
two unpaired electrons per molecule, and which therefore does not possess 
the structure, I, most commonly written for it. (Cf. pages 417 f.) 


: 0 :: 0 : 

I 


:6:6: :6:0: :0’:*0: 

II III IV 


Other biradicals of similar type include sulfur monoxide SO and di¬ 
atomic sulfur 82 .^®® 

With the aid of the conventional symbols, the state of molecular 
oxygen can be described most conveniently as a resonance hybrid of 
structures II and III. The dots above and below the ‘^oxygen atoms” 
are here intended to represent electrons in different ^‘orbits” about the 
oxygen kernels; structures II and III are therefore not identical as they 
might appear to be. An alternative, but completely equivalent, descrip¬ 
tion of the oxygen molecule is given by the single structure IV, in which 
the two oxygen atoms are linked to each other by one single covalent 
bond and by two Z’-electron bonds}^^ The 3-electron bonds, each of 
which is represented by 3 dots in a horizontal line, are in fact defined by 
the statement that structure IV implies resonance between structures 
II and III. Obviously, sulfur monoxide and diatomic sulfur can be 
assigned completely analogous structures. 

The reason why oxygen has the biradical structure, IV, instead of the 

For magnetic measurements on hexaphenyldigermanium, see P. W. Selwood, J, Am, 
Chem, 80 c, 61 , 3168 (1939); hexaphenyldilead, see R. Preckel and P. W. Selwood, ibid, 62 , 
2766 (1940); hexamethylditin and hexacyclohexyldilead, see H. Morris and P. W. Selwood, 

68 , 2609 (1941); hexa-o-tolylditin, see H. Morris, W. Byerly, and P. W. Selwood, 
find, 64 , 1727 (1942). 

R. S. MuUiken, Phya. Rev. 32 , 880 (1928). 

»» E. V. Martin, Phye. Rev. 41 , 167 (1932). 

« E. Olsson, Z. Phyeik 100, 656 (1936). 

L. Pauling, J. Am. Chem, Soe, 68 , 3225 (1931). 



742 


Free Radicals 


Sec. 15-21 


expected structure, I, is now understood.^"*® The mathematical com¬ 
plexities of the necessary quantum-mechanical treatment are, however, 
too great to be discussed here. With sulfur monoxide and diatomic 
sulfur, the theoretical explanations of the observed biradical structures 
arc, of course, quite analogous to the one that applies to oxygen. 

At the present time, it is not certain whether free methylene CIi 2 is 
a biradical, with two unpaired electrons per molecule, or just an ex¬ 
tremely reactive compound, with no unpaired electrons. The substance 
has been prepared by both the thermal and the photochemical 
decomposition of diazomethane CH 2 N 2 , and by the photochemical de¬ 
composition of ketone CH2====C=====0.^‘*‘^*^^^ Inconclusive^^ evidence that 
the thermal decomposition of methane also gives free methylene has 
been advanced.^**^ 

The half-life of methylene varies vith the nature of the carrier gas, 
and may be as long as 0.23 sec in nitrogen at about 1.5 mm pressure.^^^ 
The compound can be detected by its ability to remove tellurium or 
selenium mirrors, with the production, respectively, of telluroformalde- 
hyde (CH 2 Te)x and selcnoformaldehyde (CH 2 Se)a;. Methylene also 
combines with iodine; moreover, it attacks mirrors of antimony, but 
not those of zinc, cadmium, or lead.^^^ At 140°~220°C, methylene 
dimerizes almost quantitatively to ethylene.^*® That more extensive 
polymerization is also possible is suggested by the fact that diazomethane 
is slowly converted at ordinary temperatures into a polymethylene 
{CH 2 )x- At temperatures ranging between 0°C and 50®C, methylene 
combines with ethylene to form unidentified products, but it does not 
react with nitric oxide.'^® At 400°-500°C, it combines with carbon 
monoxide to produce ketene.’^^ 

Biradicals with the general structure •CH 2 (CH 2 )nCH 2 -, where n 
ranges from 2 to 4, have been made by the reactions between poly¬ 
methylene dihalides and sodium vapor.^"*® These substances are very 
unstable, and they have relatively great tendencies to break up into 

^*0 J. E. Lennard-Jones, Trans, Faraday Soc. 25, 668 (1929); G. W. Wheland, ibid. 33, 
1499 (1937). 

F. O. Rice and A. L. Glasebrook, J. Am. Chem. Soc. 65, 4329 (1933); 66, 2381 (1934). 

T. G. Pearson, R, H. Purcell, and G. S. Saigh, J. Chem. Soc. 1938, 409. 

M. Burton, T. W, Davis, A. Gordon, and H. A. Taylor, J. Am, Chem. Soc. 63, 1966 
(1941). 

Cf. E. W. R. Steacie, Atomic and Free Radical Reactions^ Reinhold Publishing Corpora¬ 
tion, New York, 1946, pages 87 f.; Free Radical Mechanisms. Reinhold Publishing Corpora¬ 
tion, New York, 1946, pages 74 ff. 

Cf. L. S. Kassel, J. Am. Chem. Soc. 57, 833 (1936). 

E. W. R. Steacie, J. Phys. Chem. 36, 1493 (1931). 

H. Staudinger and O. Kupfer, Ber. 46, 501 (1912). 

C, E. H. Bawn and J. Milsted, Trans. Faraday Soc. 36, 889 (1939). 
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smaller saturated and unsaturated fragments. They have not been 
extensively studied. 

A few organic biradicals of long life have been prepared. Not all the 
compounds, however, which have in the past been considered biradicals 
actually belong to this class. For example, the hydrocarbon that is 
obtained by the action of zinc upon the dichloro compound, V, has a 


(CoH 5)2C<^ ^C((-6fr5)o 

a Cl 


violet-red color, and it is rapidly decolorized by reaction with oxygen. 
Consequently, it was at one time assumed to be a biradical with struc¬ 
ture VI. (For the sake of simplicity, the resonance with structures in 

(CgH5)2C<^ ^C(C6H5)2 

VI 


which the unpaired electrons are upon carbon atoms of the rings is 
ignored here and throughout the remainder of this s(Kition.) A magnetic 
study has shown, however, that the compound is diamagnetic and hence 
not a biradical.^'*® Its structure must therefore be written as Vll. 



VII VIII 


Similarly, the blue pentacene, VIIT, and the red 5,6,11,12-tetraphenyl- 
naphthacene (rubrene), IX, which can be readily oxidized by the air in 

HsCe Cells 



HfiCe CeHs 


IX 

the presence of light, are diamagnetic and hence are not free radicals.^^® 
These substances must therefore be resonance hybrids of structures like 
X and XI, respectively, without unpaired electrons. 

Muller ^nd I, MUller-Kodloff, Ann. 517, 134 (1935). 
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Not infrequently, the statement is made that the diamagnetic substances of the 
above types are really biradicals, but that the two unpaired electrons in each molecule 
have opposite spins. Such a statement is, however, thcioretically unsound. If, 
for example, the two electrons represented by the dots in structure XII have oppo- 



xil XIII XIV 


site spins, then by definition they are paired, and the structure in question is identical 
with XIII, with a formal bond. (See Section 10-8.) Since structure XIII can 
resonate with the doubtless much more stable ones like X, without formal bonds, 
the former structure, therefore, cannot represent the molecule of pentacenp any 
better than the analogous Dewar structure, XIV, represents that of benzene. / 

In summarizing the results of their magnetic measurements upon a 
number of both true and alleged biradicals, Muller and Mtiller-Rodloff 
stated as a general rule that a substance is a biradical if, and only if, 
no structure with all electrons paired (but without formal bonds) can 
be written for it. Thus, the hydrocarbon with structure VII is not a 
biradical because this structure itself has no unpaired electrons (or 
formal bonds). Similarly, pentacene and rubrene are not biradicals, 
because structures X and XI, respectively, likewise have no unpaired 
electrons (or formal bonds). On the other hand, the hydrocarbon XV 



is a biradical because, for it, no meta quinoid structure without either 
unpaired electrons or formal bonds (or both) is possible; the compound 
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apparently associates, however, either to a dimer or to some still higher 
polymer, since the observed paramagnetism is only a few per cent of 
that calculated for the biradical.^^® 

The biradicals oxygen, sulfur monoxide, and diatomic sulfur (discussed 
above) violate the rule just stated/ In addition to these definitely es¬ 
tablished exceptions to this rule, a rew other exceptions, which may be 
only apparent, have also been reported. Thus, the hydrocarbon XVI 

(C6H5)2C<^ ^CH2-CH2^ )>C(C6H5)2 

XVI 


should be a biradical since for it, just as for the hydrocarbon XV, no 
quinoid structure is possible. Although Wittig and Leo reported 
that the apparent molecular weight of the substanc>e in benzene indicates 
only a slight dimerization (or polymerization), Muller and Bunge subse¬ 
quently found that the material is diamagnetic both in the solid state 
and in benzene solution, and hence that it is not a biradical. Presum¬ 
ably, therefore, the measured molecular weights are again unreliable 
(cf. pages 685f. and Section 15-20), or else the biradical XVI rapidly 
decomposes or disproportionates in some way to more stable diamagnetic 
products with comparatively low molecular weights. Although the 
situation is thus not entirely clear, there is no need here to assume that 
the rule of Muller and Muller-Rodloff is violated. 

A different type of exception can be illustrated with porphyrindine. 
Since this substance is paramagnetic, it apparently must be assigned the 
biradical structure XVII (cf. structures II and III, page 734), even 


(CH3)2C—N+—O: - O—N+—C(CH3)2 

\ '• "/ 

C=N—N=C 

/ \ 

HN=C—NH . NH—C=NH 

XVII 


though the alternative structure, XVIII, without unpaired electrons, can 


(CH3)2C—N+—0~ “O—N+—C(CH3)2 

\ / 

C—N=N—C 


HN=C—NH 


\ 


NH—(>=NH 


XVIII 


also be drawn.^®* The paramagnetism increases, however, as the tern- 

18® G. Wittig and M. Leo, Ber. 61, 854 (1928). 

E. Muller and W. Bunge, Ber. 69 , 2164 (1936). 

18SE. Muller and I. MUller-Rodloff, Ann, 621 , 81 (1936). 
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perature is raised. Presumably, therefore, an equilibrium exists between 
the two forms XVII and XVIII, with the latter the more stable. The 
ground state of the molecule is therefore diamagnetic, as predicted. From 
the temperature coefficient of the paramagnetism, the form XVIII has 
been calculated to be more stable than the biradical form, XVII, by 
about 0.56 kcal per mole.^^^ Moreover, the two terphenyl derivatives, 
for which the biradical structures, XIX and XX (cf. structure VI), and 


(C6H5)2C<^ 
p-CeHs—CeH4 


XIX 


\. 


^(C6H5)2 

Celli-CeHs-p 


Cells 


/ 




c 

\ 


XX 


Cells 


the respec^tive quinoid stru(*tures, XXI and XXII (cf. structure VII), 

p-Con5-CeIl4 


xxr 


CeHs 


\ 

( 

/ 


C= 


XXII 


=C 


/ 


C6II4—CeHs-p 


\ 


CeHs 


must be considered, are apparently analogous to porphyrindine. Each 
of these compounds is paramagnetic both in the solid state and in ben¬ 
zene solution; in solution, the relative amount of each compound that 
is in the biradical form increases as the temperature is raised.^^ These 
variations with the temperature may be due to changes in the positions 
of the equilibria between the monomeric biradicals (XIX and XX) and 
diamagnetic dimers or polymers; or they may be due instead to changes 
in the positions of the equilibria between the biradicals (XIX and XX) 
and the monomeric quinoid forms (XXI and XXII, respectively). If 
the latter interpretation is the correct one, then the direction in which 
the equilibria change with the temperature shows that, just as with 
porphyrindine, the diamagnetic forms have lower energies than do the 
biradical forms. The rule of MiiUer and Miiller-Rodloff is therefore 
not necessarily violated. 

E. Miillor and H. Pfanz, Ber. 74, 1051 (1941). 



Sec. 15*21 Biradicals 747 

The further terphenyl derivative, with structure XXIII or XXIV, 


C6H4—)2C<( _^C(C6ll4—C6ll6-P)2 

XXIII 

(p-C6H6-C6ll4-)2C>K;^^^=<^^)>=<\3r)>=C(-C6H4-C6H6-p)2 


XXIV 


like the two preceding hydrocarbons, is paramagnetic both in the solid 
state and in benzene solution.^^ With this compound, however, the 
fraction of the material which is in the biradical form is practically 
independent of the temperature; here, therefore, if there is an equilibrium 
between the biradical form, XXIII, and the quinoid form, XXIV, the 
two forms must have practically the same energy. The data are not 
sufficiently precise to show which form is the more stable; hence it is 
not certain whether this terphenyl derivative is a real, or only an 
apparent, exception to the rule of Muller and Miiller-Rodloff. 

In the quaterphenyl series, the hydrociarbon with structure XXV or 
XXVI has also been studied.^^ This compound, like its terphenyl 
analog (XIX or XXI), is paramagnetic both in the solid state and in 
benzene solution. Since the fraction of the material which is in the 
biradical form, XXV, increases with the temperature, it is once more 


(C6H5)2C< 



XXV 


^C(C6H5)2 


possible that the quinoid structure, XXVI, is more stable than is the 

XXVI 


biradical structure, XXV. 

Some clearly only apparent exceptions to the rule of Muller and 
Muller-Rodloff are represented by the compounds XXVII and XXVIII, 

Cl Cl 

(C6H5)2C<( )>-^ )>C(CcH5)2 

Cl Cl 

xxvn 

Cl Cl 

(P-C6H6-C6H4)2C^ )>--<( )>C(C6H4-C6H5-P)2 

Cl ci 

XXVIII 


B. Muller and H. Pfanz, Ber. 74, 1075 (1941). 
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which the two unpaired electrons are upon fairly close carbon atoms. Consequently? 
the electrons can int^eract fairly strongly with each other. Under these circum¬ 
stances, the paramagnetic susceptibility of the biradical is not twice, but as great 
as is that of a radical with only one unpaired electron. (Cf. page 693.) Conse¬ 
quently, the reported concentrations of biradical should be multiplied by th(5 con¬ 
stant factor %. (In quantum-mechanical terminology, such a biradical does not 
consist of two independent parts, each of which is in the doublet state characteristic 
of a free radical with one unpaired electron, but it is instead a single unified system 
in the triplet state characteristic of a molecule with two unpaired electrons.) 
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Atoms, impeiK'trability of, 377, 378; see 
also Kejjulsive forces, Steric liiii- 
draiHie 

Atrolactic acid, 253 
Atropine; sulfate, 239 
Attractive forces, 7, 8, 22-27; see also 
Bonds 

Axes f)f symme;try, 148-151, 198 
Aziele group, structure of, 4G1 
Azides, 487 

acid, 460, 401; sec also 1,2-Sleifts, 
Wolff rearrangeme’iit 
a-Azidopropionic acid dimethylamide*, 
245, 246 

Azobenzene, 348, 487 
Azoisopropane, 653 
Azomethane, 652, 663 
7?i-Azo-j8-naphtholmandelic acid, 232 
Azoxybenzene, 348 

Ball-and-stick models, 196, 197, 419 
Barbier-Wieland degradation, 523, 524 
Barbituric acid, 640 
Bases, classical elefinition of, 72, 75 
Lewis definition of, 80-84, 494 
Lowry-Br0nsted definition of, 72-84, 
255, 494 

possible charges of, 73 
solvent concept of, 82, 83 
very weak, 83 

Beckmann rearrangement, see 1,2-Shifts, 
Beckmann rearrangement 
Beer^s law, 684, 685, 689-691, 699, 721, 
728, 730-732 


BcH;t sugar, 138; see also Sucrose 
Bcnzalacetophenone, 40, 43 
Bcnzaldehydc, 241, 243, 042 
Benzaldoxime, 338, 345 
Benzamidt;, 459, 617, 618, 020 
N-ethyl derivative, 618 
0-ethyl derivative;, 618, 020 
Benzamidoxime, 465 
Benzanilide, 483 

Benzene, addition comi)oiiii(Ls of, 40, ()3, 

68 

Armstrong-Bae.>'c‘r struetui’c e>f, 388, 
389, 410 

as acid, 75, 70, S3, 84 
jis basi*, 70, 83, 84 

as resonance hybrid, 391-390, •KX)“403 
charge; distribution in, 402, 403 
C'laus strue'ture e>f, 103, 108-110, 388, 
389 

conventional re;pr(;s(;ntation of, 41, 
no, 389, 411 

J)e‘war struct ur; of, 419, 420, ^22, 
•123, 744 

early att^'iiipts to assign a strue*ture 
to, 102-110, 387-391 
formation from plu'fiyl radicals, 003, 
009, 070 

in (lomberg re;action and its anale)gs, 
070, 671 

ionization of hydrogen eliloride in, 
77, 78 

Kekule structure;s e)f, 103, 105, 100, 
108-110, 391, 392, 396, 397, 400, 
401, 410, 419, 420, 422, 423, 427, 
428 

distinction between, 392 
Ladenburg structure of, 103, 106, 115, 
116 

number of disubstituted derivatives of, 
103-110, 116-120 

number of monosubstituted deriva¬ 
tives of, 102, 103, 109, 116, 119, 
120 

orientation of substituents in, 111-116 
partially ionic structures for, 402, 403, 
422 

resonance energy of, 427, 428, 499, 615 
shape of molecule, 110, 388, 419, 578 
structure of, as determined by isomer 
numbers, 102-110 
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Benzene, Thiele’s structure of, 389-391, 
397, 410, 411 

1- Benzeneazo~2-naphthol, 53 

2- BenzeneazO“l-naphthol, 628 
4-Benzeneazo-l-naphthol, 628 
Benzene diazocyanides, 349, 350 
Benzene diazohydratos, 349 
Benzenediazonium acetato, 670, 671 
Benzenediazoniiim chloride, 573 
Benzenediazonium nitrate, 625 
Benzene rings, thickn(‘.s.s of, 578 

with para biidgc's, 37(>, 377 
Benzenesulfoni(! a<*id, 77 
Benzhydrol, 716 

Benzhydroxamic acid, 460, 621, 622 
p-Benzhydryl t etraphenylrnethane, 682, 
703, 735 

Benzidine, 574 -576 

condensation with phthalic anhydiide, 
202, 203 

Benzidine rearrangement, see Molecular 
rearrangenuaits, benzidine r(‘ar- 
rangeiiKjnt 

Benzil, 464, 483, 493, 494 
Benzilic aedd, 464, 483, 716 
Benzilic acid rearrangemen t., sccl, 2-Shifts, 
Ixmzilic a(dd rearrangement. 
Benzil monohydrazoiK', 463 
Benzil /3-monoxim<^, 53, 342 
benzoyl deiivative of, 342 
Benzoate (radical), 665 
p-Benzohydroquinone, 55, 56, 311, 660, 
725-727, 732, 733 
dimethyl ether, 61 

Benzoic acid, 102, 119, 120, 281, 282, 
382, 386, 435-437, 463 
Benzoic acids, steric hindrance in esteri¬ 
fication of substituted, 382, 383, 
385 

Benzoin, 53 

Benzophenone, 44, 654, 716-719 
disodium derivative of, 716 
metal ketyls from, 716-720 
Benzophenone oxime, 483, 580, 681 
N-mcthyl derivative of, 580 
O-methyl derivative of, 680 
p-Benzoquinone, 54, 66-59, 61, 68, 580, 
581, 626, 706, 724-727, 733 
p-Benzoquinone monoxime, 580, 581,627 
O-methyl derivative, 627 
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2-Benzothiazolyl disulfide, 722, 723 
1-Benzoylan thrahydroquinone, 723-725 
free rjuiical from, 723-725 
hemiacetal from, 723-725 
l-Benzoylanthraquinone, 723-725 
free radical from, 723-725 
Benzoyl azide, 482 
Benzoylcamphor, 608 
Benzoyl chloride, 585, 642, 645 
Bcmzoylformic acid, 240, 241, 243 
Benzoyl peroxid(‘, 311, 664, 665, 670, 671 
Benzoyltet rahydroquinaldine, 159 
Benzpinac.ol, 452, 468, 716, 717 
Jienzpinacolone, 452, 468 
Bemzyl (radical), (>51, 654 
Benzylacotaldehyde, 501 
Benzylamino, 543 
Benzyl chloride, 543, 544, 557, 654 
Brmzylethykmo gly(;ol, 501 
Benzylmagnesium chloride, 543, 544 
Benzyl m(4hyl diketone, 610, 611 
o-Benzylphenol, 557 
7 >-Benzylphtmol, 557 
Benzyl phen> 1 diketone, 610 
Benzyl phenyl (dher, 557 
Beryllium, 717 
configuration of, 361 
Biacetyl, 610, 611, 655, 656 
Biacetyl 2,4-dinit rophc*nylhydrazone, 655 
Bi(*arbonaf e ion, 75 
Bile, 71 

Bile a(d(ls, 71; see also Desoxycholic acid 
Binary compounds, numbers of, 3-5 
Biological reactions, 153, 242-244, 246, 
247, 249, 250 

Biphenyl, 652, 654, 656, 669, 670, 702 
Kaufier configuration of, 202, 203 
Biphenylene, 127 

w, m'- Biphenylene- bis- ( diphenylmethy 1), 
744, 745, 748, 749 

p, p'- B i p henylene-bis- (dipheny Ime thy 1), 
743 

p,p'-Biphenylene-bis-(diphenylmethyl- 
chloride), 743 

Biphenyls, optically active, 202-214, 
378; see also Optically active 
biphenyls 

restricted rotation in, 205,748 
Biradicals, 741-749 
long-lived inorganic, 741, 742 



768 Subject Index 


Biradicals, long-lived organic, 743-749 
short-lived organic, 742, 743 
4,4'-Bis- (diphenylniethyl)-biphenyl, 743 
4,4'-Bis-(diph6nylmethyl)“biphenyl di- 
chlorido, 743 

p,p'-Bis-(diphenylmcthyl)-a,^-diphenyl- 
ethanc, 745, 748 

4,4"'- Bis - (diphenylmethyl)- quaterphen- 
yl, 747 

4,4"-Bis- (diphenylmethyl)-terphenyl, 746 
Bismuth, 655 
Bismuth trimcthyl, 651 
Bisulfites, abnormal additions to double 
bonds, 667 
Bixanthyl, 698, 704 
Boat fonn (of cyclohexane), 370 
Bohr magneton, 693 
Bohr theory of hydrogen atom, 394, 395 
Boiling points, 25, 125, 126, 153, 154, 
323, 433 

Bond angles, 167, 169, 171 
Bond energies, 49, 396, 423, 424, 428, 
429, 613, 652, 656, 667, 706, 727 
Bond lengths, 169, 171, 396, 708 
Bonds, benzene, 392, 396, 429 
coordinate, 21, 22, 31, 91 
covalent, 8, 11-10, 30, 31, 077, 079 
double, 15 
essentially, 16, 30 
quadruple, 15 
representation of, 85 
single, 11-15; ace also Single bonds 
triple, 15 

electrostatic, 8-11, 077; see also Bonds, 
ionic. Dipole-dipole bonds, Hy¬ 
drogen bonds. Ion-dipole bonds 
formal, 418-420, 422, 744 
ionic, 8-10, 10, 31 
essentially, 16, 30 
representation of, 85 
of mixed tyixj, 10, 15-22; see also 
Bonds, semipolar double, Reso¬ 
nance 

one-and-a-half, 392, 396, 429 
one-and-one-third, 429 
one-and-two-thirds, 429 
one-electron, 91 
reality of, 172, 173 

semipolar double, 16-20, 31, 359, 360 
three-electron, 741 


Boric acid, 318 
Bomylene, 96, 97, 455, 485 
Boron, 7 

compounds of, 3, 4 
configuration of, 361 
Boron hydrides, 4, 91, 92 
Boron trifluoride, 4, 43, 44, 80, 81, 314, 
315, 555, 558, 559 
Bredt^s rule, 375, 485 
exception to, 375 
Bridge atoms, 375 

Bridge compounds, 276, 277, 375,376,520 
Bridges across para positions in benz(;no 
rings, 376, 377 

Brpnsted bases, see Bases, Lowry-Br0n- 
sted definition of 
Bromide ion, 274, 275 
Bromine, addition to carbon-carbon 
double bonds, 37, 38, 69, 246, 266 
mechanism of, 293-297 
stereochemistry of, 290-297 
addition to (carbon-carbon triple bonds, 
303 

catalysis of cis-irans interconversions 
by, 2f)6, 306-309, 314 
catalysis of syn-ariti interconversions 
by, 345 
isotopic, 275 

leaetions with at?etanilide, 509-571 
reactions with acu-nilro compounds, 
632 

reactions with enols, 584, 587, 592, 
593, 601, 609 

r<»a(;tions with organometallic com¬ 
pounds, 701 

reaction with triphenylamine, 736 
Bromine atoms, 307, 308, 314, 666 
Bromine chloride, 294, 571 
N-Bromoacetanilide, 569-571 
o-Bromoacetanilide, 569-571 
p-Bromoacetanilide, 569-571 
p-Bromoacetophenone, 43 
o-Bromoaniline, 35, 36 
9 - Bromoanthracene - 9,10 - endo - a,/3- 
succinic anhydride, 277 
p-Bromobenzazide, 469 
Bromobenzene, 119, 120, 654, 669, 670 
Bromobenzenesulfonic acids, 120 
Bromobenzoic acids, 117, 118 
p-Bromobenzoyl peroxide, 665 
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1- Bromo-2-butcno, 281 
3-Bromo-l-butene, 281 
l“Bromo-2-chloroethane, 294 
CK-Bromwthylbenzone, 275 
)9-Bromoethyl nitrate, 294 
Bromofuraaric acid, 302, 305 
Bromomaleic acid, 302 
Bromomalic acid, 156 

2- Bromo-4-mcthylani line, 117-119 

1- Bromo-3-methyl-2-butene, 126, 530 

3- Bromo-3-mcthyl- l-})utene, 126 
4“Broino-2-methyl-2-butene, 126, 536 

2- Bromo-5-nitroacetophenone oxime, 343 
Bromonium compounds, 295, 297, 300, 

307 

p-Bromophenylhydrazine, 644 
m-Bromophenylisocyanai/O, 469 
p-Bromophenylisocyanate, 469 
1-Bromo-l-phenylpropane, 272, 273, 289 
N-p-Bromophenylurethan, 469 
a-Bromopropionic acid, 271, 275, 287 
o-Bromotoluene, 544 
p-Bromotoluene, 669 
Bromotoluenes, 117, 118 
Bronu)trichloromethane, 607-669 
Brucine, 234, 236 

1,3-Butadiene, 422, 428, 430, 503, 704 
n-Butane, 6, 128, 415, 481, 656, 074 
Butene, 557 

1- Butene, 542, 564 

2- Butene, 265, 323, 327, 542, 564 
Buttressing effect, 212 
tert-Buiyl acetate, 449 
a-sec-Butylawjtoacetic ester, 600, 603 
n-Butyl alcohol, 384 

sec-Butyl alcohol, 124, 125, 219, 223, 320 
tert-Butyl alcohol, 384, 437, 457, 485, 513 
Butyl alcohols, 101, 102 
/er^-Butylamine, 485 
N-n-Butylaniline, 564 
p-n-Butylaniline, 664 
p-scc-Butylaniline, 564 
p-^/-Butylaniline, 563 
n-Butyl chloride, 273 
«cc-Butyl chloride, 560 
ier^-Butyl chloride, 90, 273, 437 
fcri-Butyl chloroaoetate, 449, 450 
««c-Butyl p-cresyl ether, 560 
«cc-Butyl crotonates, 219, 222, 223 
tertrBvityl ether, 90 


/cr<-Butylethylene, 464 
^cr^Butylisocyanate, 456 
«cc-Butyl mesityl ether, 560 
p-n-Butyl-N-methylaniline, 562 
2-»cc-Butyl-4-methylphenol, 560 
^cr^-Butyl nitrite, 624 
o-^cr<-Butylphenol, 558 
p-<eri-Butylphenol, 556, 558 
scc-Butyl phenyl ether, 557 
ieri-Butyl phenyl ether, 556, 558 
n-Butyl p-toluenesulfinate, 357 
n-Butyraldehyde, 663 

Cadmium, 742 

Camphene, 96, 97, 455, 470, 480, 492, 493 
Camphene hydrochloride, 455, 481, 485, 
486, 491-493 
Camphenilone, 97 
Campholyl phenyl ketone, 253 
Camphor, 138, 237, 238, 242, 370, 375, 
376, 522 

Camphor carboxylic acid, 242 
Camphoric acid, 237, 261, 262, 522 
half amide, 522 
Camphoric anhydride, 522 
Camphoric dialdehyde, 97 
Camphor oxime, 159 
Camphor-lO-sulfonic acid, 237, 241, 242, 
566, 567 

Candles, chlorination of, 675 
Cane sugar, 138; see also Sucrose 
Carbenium salts, 45; see also Carbonium 
salts 

Carbohydrates, 153, 242, 645; see also 
Fructose, Glucose, Lactose, Man¬ 
nose, Sucrose 

2-Carbomethoxy-4-crotyl-6-methylphe- 
nol, 548, 549 

2-Carbomethoxy-4-7-ethylallyl-6-meth- 
ylphenol, 547, 548 
Carbon, 2 

ability of atoms to form chains, 3, 6-7 
bivalent, 649, 650 
configuration of, 161-175 
isotopic, 174, 175, 463, 610 
number of bonds formed by, 647 
number of compounds containing, 3-7 
uniqueness of, 2-7 

variations in valence of, 91; see ah 
Free radicals 
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Carbonate ion, 75 
Carbonates, 2 
Carbon atoms, asymmetric, 168, 169 
tetrahedral configuration of, 161-168 
trivalent, 91, 299; see aho Free radicals 
Carbon chlorides, 8-6; see also Carbon 
tetrachloride 

Carbon dioxide, 2, 4, 24, 242, 287, 288, 
543, 544, 716 
Carbon fluorides, 4-6 
Carbon hydridcss, 3, 4; see also ITydro- 
carbons 

Carbonic^ acid, 75 

Carbonium ions, 44-46, 497, 557, 5()0, 
701, 702, 712, 713 

Carbonium salts, 44-46; see also (.^ar- 
bonium ions 

Carbon monoxide, 4, 650, 655, 742 
Carbon oxides, 3, 4 
Carbon suboxide, 4, 127 
Carbon tetrabromide, 668 
Carbon tetrachloride, 67, 667, 668 
Carbonyl compounds, (conjugated un¬ 
saturated, 667 

Carbonyl systems, keto-enol tautonuT- 
isin in simple, 589-596 
Carboxyl groups, distances b(jtw(‘(‘n in 
dibasic acids, 442-449 
size of, 209-211 
Carboxylic acids, 49 
choleic acids from, 70 
enolizat-ion of, 254, 590, 596 
esterification of, 280-282, 379, 380, 
382-386 

Carboxylic esters, mechanism of for¬ 
mation of, 280-282 

stereochemistry of, 280-282, 357, 359, 
360 

steric hindrance in formation of, 379, 
380, 382-386 
ctVCaronic acid, 374 
Carvone oxime, 159 
‘^Catalysis*’ of chain reactions, 659 
Cationoid reagents, 83 
Center, of inversion, see Center of sym¬ 
metry 

of symmetry, 148-151, 191, 192, 195, 
197, 198 

Centric structure of benzene, 388, 389, | 
410 ! 


Cesium, 717 

C-form (of cyclohexane), 370 
Chain breakers, 311, 658, 659, 666 
Chain carriers, 298 
Chain isomers, 128 

Chain reactions, 298, 299, 308, 309, 311, 
312, 657-670, 687, 688, 714, 715 
‘^catalysis” of, 659 
induction periods in, 659, 660 
inhibition of, 311, 659; see also Chain 
breakers 

termination of (chains in, 298, 299, 662, 
663, 665; see also Chain breakers 
Chain transfer, 662, 665 
Chair form (of (ycdohexane), 370 
Characteristic functions, 397; see also 
Wave functions 

C-harges, net, on at oms, 35, 402, 403 
Chloral, 99, 100, 678 
Chloranil, 61, 68 

Chloride ions, 72, 74, 76, 274, 285 
Chlorinat ion of paraffins, 657-661, 663, 
714 

(jarly history of, 675-670 
Chlorine, 285, 569, 570; see also Chlorina¬ 
tion of paraffins 

addition to carbon-carbon double 
bonds, 246, 292, 297-299 
addit ion to (carbon-carbon triple bonds, 
303 

catalysis of ns’-traas interconversions 
by, 309 
isotopic, 570 
Chlorine atoms, 298, 299 
Chlorine dioxide, 4, 680 
Chlorine hydrate, 678 
Chlorine tetroxide, 4, 737 
N-Chloroacetanili(ie, 568-571 
o-Chloroacetanilide, 568-570 
p-Chloroacetanilide, 568-570 
Chloroacetic acid, 163, 165, 439, 444, 
445, 448, 672 
Chloroamine, 543 
p-Chloroaniline hydrochloride, 574 
1-Chloroapocamphane, 277 
N-Chlorobenzamide, sodium salt, 482 
Chlorobenzene, 35, 102, 116, 384, 385, 
517 

p-Chlorobenzoate (radical), 666 
p-Chlorobenzoic acid, 665 
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p-Chlorobenzoyl peroxide, 665 
Chlorobromoiodoethylene, 324 
Chlorobromoiodom(jthane, 219, 220 
/3-Chlorobutyric acid, 231 

2- Chloro-2,4-diinethyIpcntane, 96 

3- Chloro-2,4-dimet hylpentaiic, 96 
«-Chloroeihylbenzerie, 258, 259, 272 
Chloroform, 35, 67, 99, 100, 332, 658, 668 
Chlorofumaric acid, 305 
Chloromalio acid, 293 
Chloromalonic acid, 163 
Chloromaloiiic (vslcr, 162, 163 
Chloromethane tricarboxylic acid, 163 

1- Chloro-2-me1hylbutane, 714 

2- Chloro-4-methylphenyl acetates, 568 
2-Chloro-5-iiitrobenzaldeliyde, 339 
2-Chloro-5-niirobenzaldehyde oximes, 

339, 340 

1- Chloro-l-nitrosoothane, 624 

2- Chloro-3-nitroso-2-methylbutane, 624 
Chloronium compounds, 46, 297 
2-Chloro6ctane, 287, 288 
o-Chlorophenoxide ion, 494 
p-Chlorophenyl (radical), 666 
a-Chlorophcnylacetic acid, 272 
Chloropropenes, 122 
a-Chloropropionic acid, 227 
a-Chloropropionyl chloride, 230 
Chlorosuccinic acid, 269, 271, 272, 286, 

287, 316, 317 

Chlorotricarboethoxymcthane, 163 
Choleic acids, 69-71, 238 
Cinchonicine, 234 
Cinchonine, 234 

cfs-Cinnami(5 acid, 33, 269, 322-324 
<rans-Cinnamic acid, 269, 322-324 
Cinnamyl alcohol, 539 
Cinnamyl 2 - carbomethoxy - 6 methyl- 
phenyl ether, 548, 549 
Cinnamyl phenyl ether, 551 
Circular dichroism, 154, 155, 245 
Circularly polarized light, 134, 135, 154, 
155, 245-248 
m, 189 

ambiguity in meaning, 323, 324 
use of term for ring compounds, 194 
ds addition, 290-293, 299-305 
cis^rana isomerism, 156; see also Ceo- 
metrical isomerism 
in rings, 194-198 
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cis-trans isomers, determination of con¬ 
figurations of, 321-328 
Claisen rearrangement, see Molecular 
rearrangements, Claisen rear^ 
rangement 

Classi(ial definition, of acids, 72, 83 
of bas(.‘s, 72, 83 

Classification of structural isomers, 127- 
129 

Claus structure of benzene, 103, 108-110, 
388, 389 

Clock, analogy of, 146, 147 
Coaxial configurations, 203, 205 
Cobaltous chloride, 562, 564, 669, 670 
Coincidences in Raman and infran*d 
spectra, 327, 328 

Colorimetric method, see Spectroscopic 
nwithods 

Complex isomers, 36 
Compounds, racemic, 157-160 
tautomeric, 582 
Compressibilities, 7, 378 
Concentration, effect on keto-enol equi¬ 
libria, 588, 589, 603 
effect on specific rotation, 137 
Conductivity, electrolytic, 318, 711, 712 
Conductivity electrons, 740 
Configuration, 85, 88, 107 
absolute, 181, 182, 186-188 
determination of, 319-328 
relation to plane configurations, 182, 
186-188 

inversion of, see Walden inversion 

of alkyl radicals, 713-716 

of arsenic, 363, 364 

of beryllium, 361 

of boron, 361 

of carbon, 161-229 

of copper, 361, 362 

of nitrogen, 223, 329-355 

of phosphorus, 362 

of selenium, 364 

of silicon, 361 

of sulfur, 355-360 

of tellurium, 364 

of zinc, 361, 362 

plane, see Plane configurations 

relative, 181, 182, 186 

retention of, see Walden inversion 

significance of, 130, 131, 165 
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Conformation, 176 
Conglomerates, 157-160, 233 
Conjugate acids and bases, 73, 76, 77 
Conjugation, 428, 540, 541, 566,567, 614, 
616, 696, 711; see also Hypercon¬ 
jugation 

Conventions, permutation, 183-186, 188 
quasi-three-dimensional, 184-186 
rigid-body, 182, 183, 185, 186, 188 
rigid-body-and-permutation, 185 
Coordinate bond, 21, 22, 31, 91 
Coordinate covalence, 18; see cdso Semi- 
polar double bonds 
Coordination isomers, 36 
Coplanarity, 205-207 
Copper, 30, 700 
configuration of, 361, 362 
Cotton effect, 154, 155, 245 
Coulomb’s law, 8, 443 
Coupling factor in resonance, 414r-418, 
426, 427, 433 

Covalence, satui-ation of, 12-15, 47, 423, 
425 

Covalent bonds, see Bonds, covalent 
Covalent character, 10, 16; see aho 
Bonds, of mixed type 
o-Cresol, 556 
p-Cresol, 556, 560, 625 
m-Cresyl acetate, 565-567 
Cross products, 551, 558, 559, 561, 562, 
568, 572, 576-578 
Crotonic acid, 219, 231, 322, 323 
Crotyl acetate, 281 
Crotyl alcohol, 280, 281, 536 
Crotyl bromide, 281, 535-537 
Crotyl 2-carboniethoxy-6-methylphenyl 
ether, 548 

Crotyl chloride, 537-539, 643 
Crotyl ethyl ether, 537-539 
Cryoscopic determinations of molecular 
weight, see Molecular weights 
Crystal form, 154, 233 
Crystal structures, 68, 126, 127, 203, 
319, 327, 332, 348; 370, 371; see 
also X-ray diffraction 
Cube, symmetry elements of, 148-150 
Curtius rearrangement, see 1,2-Shifts, 
Curtius rearrangement 
Cyanic acid, 2 
Cyanide ion, 521 


Cyanides, 459, 629, see also Nitriles 
Cyanoacet'c acid, 163 
a-Cyanopropionic acid, 254, 255 
Cyanuric acid, 639, 640 
Cyanuric chloride, 640 
Cyclobutane, 365, 369 
Cyclobutanemethylamine, 457, 481, 512 
Cyclobutanol, 458, 514 
Cyclobutylaminc;, 458 
Cyclobutylcarbinol, 457, 458 
a-Cyclobutylmethylamine, 457, 481, 512 
Cyclohexane, 369, 370, 373, 456 
shapes of ring in, 370 
Cyclohexane-1,2-diace tic acid, 262, 263 
Cyclohexane-l,2-dicarboxylic acid, 106, 
107, 194, 218, 219, 221, 222, 262 
C 3 ^clohexane-l, 2 -dicarboxylic acid an¬ 
hydride, 107 

Cyclohexanol,3-dicarboxylic acid, 107 
Cyclohexane-l,4-dicarboxylic acid, 195- 
197, 221-223 

Cyclohexane-1,2-dione, 610, 611 
Cyclohexanone, 591, 593 
acetate of enol form of, 591 
Cyclohexanone-4-carboxylic acid, 337 
Cyclohexanone-4-carboxylic acid oxime, 
337 

Cyclohexene, 376 
2-Cyclohexylcyclohexanol, 263 
Cyclohexyl iodide, 455, 490 
Cyclooctyne, 376 
Cycloparaffins, 365, 366, 369-373 
Cyclopentane, 369, 372, 373 
Cyclopentane-l,2-diol, 273, 274, 302, 
318 

Cyclopentanol, 458, 481 
Cyclopentanone, 591, 593 
Cyclopentene, 302, 458, 481 
Cyclopentene oxide, 273, 274 
Cyclopropane, 365, 369, 372-374 
Cyclopropylamine, 458 
Cyclopropylcarbinol, 458 
o-Cyclopropylmethylamine, 514 
Cycloprop 3 me, 90, 376 
Cyclotriacontane, 373 

dr, meaning of, 135, 136, 224 
D (Debye unit), 50 
D-, meaning of, 224 
Darwin’s theory (of evolution), 249 
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Dative bond, 18; see also Seinipolar 
double bonds 
Debye unit, 50 
Decachloro-n-butane, 6 
Decalin, 370, 375 
Decalols, 263, 264 
Decamethylenediamine, 416 
Decaphenylbutane, 707 
5-Decene, 304, 305, 327 
Decyl alcohol, 261 
5-Decyne, 304 

Dehydrations of alcohols, rearrangements 
in, see 1,2-Shifts, retropinacol re¬ 
arrangement 

Dchydrohalogenations, rearrangements 
in, see 1,2-Shifts, retropinacol re¬ 
arrangement 

Demjanow rearrangement, see 1,2-Shifts, 
Demjanow rearrangement 
Density, 154, 433 

Desmotropism, 581; see also Tautomer- 
ism 

Dcsoxybenzoin, 464, 483, 497 
Desoxycholic acid, 70, 71, 238 
Deuterium, 169, 175, 257, 673 
Dewar structures of benzene, 419, 420, 
422, 423, 744 

(dextro)-, significance of, 224 
Dextrorotation, 135, 136 
Diacetylaniline, 568 
Diacetylsuccinic ester, 606 
Dialkylbixanthyls, 698, 704 
Dialkyltetraphenylethanes, 698, 704 
1,5 - Diallyl - 2,6 - diallyloxynaphthalene, 
546 

1,5 - Diallyl - 2,6 - dihydroxynaphtha- 
lene, 545 

2,6-Diallyloxynaphthalene, 545 
Diamagnetic susceptibilities, 350; see 
also Magnetic susceptibilities 
Diamagnetism, 417, 685, 692, 693, 696 
Diamers, 156; see also Diastereomers 
Diaminobenzoic acids, 114, 115 
Diamond, 7, 32 

1,1 - Di - p - anisyl - 2,2 - di - p - tolylethy- 
lene glycol, 506 
Di-p-anisylnitrogen oxide, 736 
Diarylmethyls, 697-699 
Diastereoisomers, 156; see also Diastere- 
omers 
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Diastereomers, 155, 156, 234-239, 250, 
271, 354, 357, 358 

interconversion by inversion of asym¬ 
metric atoms, 261-264 
interconversion by rotation about 
double bonds, 264-269, 306-315, 
344, 345, 348 

interconversion by rotation about piv¬ 
ot bonds, 261, 264 
Diazoacetophenone, 463, 482 
Diazoaminobenzene, 572, 573 
Diazoamino compounds, 625; see also 
Diazoaminobenzene 
rearrangements of, 572, 573 
Diazocamphane, 484 
Diazo compounds, aliphatic, 461-463, 
484, 487; see also Diazo ketones. 
Diazomethane 
Diazocyanides, 349, 350 
Diazo group, aliphatic, structure of, 461, 
462 

Diazo ketones, 461-463, 525, 526 
Diazomethane, 228, 462, 487, 584, 618, 
619, 633, 637, 638, 681, 742 
Diazosulfonates, 349, 350 
Diazotates, 348, 349 
Dibenzalacetonc, 41, 44 
Dibenzhydroxamic acid, 488 
salt of, 482 

Dibenzoylmethane, 585, 606, 607 
Dibenzylphonylacetaldehyde, 502 
1,2 - Di - p - biphenylyl - 1,2 - diphenyl- 
ethylene glycol, 516 

1,1 - Di - p - biphenylyl - 2,2 - di - m - tol- 
ylethylene glycol, 505 
Diborane, 4, 91, 92 
Dibromobenzenes, 111-114, 116 
2,4-Dibromobenzoic acid, ^2, 383 
2,6-Dibromobenzoic acid, 382, 383 
a,a-Dibromobibenzyl,293,306, 307, 312 
2,3-Dibromo-2,3-dimethylbutane, 453, 
701 

Dibromofumaric acid, 303 
Dibromostilbene, 303 
a,a-Dibromosuccinic acid, 290-294, 302 
Di-n-butylacetylene, 304 
Dicarbonyl compounds, tautomerbm in, 
599-613, 616, 617; see also Aceto- 
acetic ester 

Dichloroacetic acid, 668 
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N,N-Dichloroaniline, 573 

2.4- Dichloroaniline hydrochloride, 573 
Dichlorobenzenes, 104, 105 

2.6- Dichlorobenzy Imagnesium chloride, 

543 

a,a'-Dichlorobibenzyl, 293, 298, 299 

1.4- Dichloro-2-butene, 430 

3.4- Dichloro-l-butenc, 430 

1.2- Dichloroethylene, 326-328 

3.5 - Dichloro - 4 - methylacetophenone, 

543 

1.2- Dichloro-2-mothylbutane, 714, 715 

Dichlorostillxjne, 303 
of,a'-DichlorosucciTiic a(;id, 292-294, 672 
Di- (|8,/9-dipheny Iviny l)-bixanthyl, 699, 

702 

Dielectric constants, 78, 436, 443, 445- 
447, 486 

Dicnols, 595, 606, 612 
3,3'-Diethoxybenzidine, 577 
2,2'-Diethoxyhydrazobenzene, 577 
Diethylaniline, 35, 36 
Diethyl ketone, 591, 653, 663 
Diethylphenylacetaldelfyde, 464,501,502 
1,8-Dihydroxyanthraquinone, 53 

2.7- Dihydroxynaphthalene, 430 

2.2- Diiodo-5,5'-dicarboxybiphenyl, 212 
Diisopropylcarbinol, 96 
Diisopropyl ketone, 654 

2.4- Diisopropylphenol, 558, 559 

2.4- Diisopropylphenyl isopropyl ether, 

558, 559 

1.3- Dike tones, 602-604 
Diketopiperazine, 619, 620 

0,0'-dibenzyl derivative of, 620 
Dimedon, 602, 616, 617 

1.5 - Dimesilyl - 2,4 - dimethyl - 1,4 - pen- 

tadiene-l,5-diol, 595 

1.2- Dimesitylethene-l,2-diol, 595 

1.2- Dimesityl-l-propanone, 594, 595 

1.2- Dimesityl-l-propene-l-ol, 593-595 

1.2- Dimesityl-2-propene-l-one, 593 

3.3- Dimethoxybenzidine, 577 
2,2'-Dimethoxyhydrazobenzene, 577 

2.6 - Dimethoxy - 2' - nitro - 6' - carboxy- 

biphenyl, 204, 206 
Dimethylacetoacetic ester, 583 
o- (a, T-Dimethylallyl)-phenol, 555 
2,6-I)imethyl-4-allylphenol, 545 
Dimethylamine, 315 


p-Dimethylaminoazobcnzcne, 573 
p - Dimethylamino - p' - methylazoberi- 
zene, 625 

Dimethylaniline, 553, 572, 573, 625 
Dimethylaniline oxide, 574 
9,10-Dimethylanthracene, 705 
N,N-Dimethylbenzamide, 620 
3,3'-Dimethylbcnzidine, 576 

3.5- Dimethyl benzoic acid, 382 
Dime thy Ibiacetylene, 103 
Dimethylcyclobutenyne, 103 

5.5 - Dimethylcyclohexane - 1,3 - dione, 

602, 616, 617 

2.3- Dimethyl - 2,3 - dibromobutaiie, 453, 

701 

1,1-Dime thy 1-2,2-diethylcthylenc glycol, 
504 

Dimethyldiethylsuccinic acid, 714, 715 
Dimethyldiketopiperazine, 197, 198 
Dimethyl ditelluride, 653 

1.1- Dime thy lethylene glycol, 501, 502 

1.1- DimethylethyJene glycol monoethyl 

ether, 453 

Dimethylfumaric acid, 300 
Dimethylfuran, 612 
^,/3-Dimethylglutaric acid, 373 
^,/3-Dimethylglutari(! anhydride, 374 
N,N-Dimethylguanidine, 623 
N,N'-Dimethylguanidine, 623 

2.5 - Dimethyl - 2 - hydroxytetrahydro- 

furan, benzoate of, 645 
Dimethylmaleic acid, 300 
Dimethylmaleic anhydride, 300 
Dimethylnitrobenzoic acids, 99 

2.4- Dimcthyloctane, 168 

2.6- Dimethylphenol, allyldimethylanilin- 

ium salt of, 553 

Dimethylphenylacetaldehyde, 501, 502, 
514 

Dimethyl- 7 -pyrone, 41, 43 
Dimethylpyrrole, 612 
Dimethylsuccinic acid, 300 
Dimethyl tartrate, 159, 192 
Dimethyl telluride, 65^-655 
Dimethyl 4,6,4',6'-tetranitrodiphenate, 
68,69 

Dimethylthiophene, 612 
N,N-Dimethyl-o-toluidine, 561 
N,N-Dimethyl-p-toluidine, 561 
Dimethylurea, 245 
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Dimethylvinylcarbinol, 126 
1,2-Di-a-naphthylhydrazine, 574 

2.4- Dinitroaniline, 43 

2.6- Dinitrobenzoic acid, 382, 385 

3.5- Dinitrobonzoic acid, 35, 36 

1.4- Dinitro-2, 6 -diinethylbenzene, 385 
o,o'-Dmitrodiplienic acid, 202-204, 207, 

210, 378 

o,p'-Diiiitrodiphenic acid, 203, 204, 208 
Dipontc^ne, 238 
Dipheuic acid, 204, 205, 211 
with 77?,//i'-bridge, 211 
Diphenyl, see Biphenyl 
7,8-Diphcnylacenaphthene-7,8-diol, 526- 
529 

7.7- Diphenylac(<naphtheTioiie, 526, 527 
Diphenylacetaldcihyde, 452, 464, 465, 

483, 497 

Diph(inylac(4ylene, 303-305 
Diphenylaniiue, 666 , 728 
Diphenylamino, 727-729 
N, N-DiphenyIbeiizainidine, 623 
N,N'-Diphenylbonzamidine, 623 
Diph(!nylbonzo>'l hydrazine, 732 
Diphenylbenzoylhydrazyl, 732 
Diphenylbifluoryl, 689, 705 
Diphenyl-<cr/-butylmothyl, 697 
1 , l-Diphenyl-2,2-di-/?-anisylethylene gly¬ 
col, 506 

1.1 - Diphenyl - 2,2 - di - p - biphen^dyl- 

ethyleno glycol, 504-506 
1 , l-Diphenyl-2,2-dimethylethylene gly¬ 
col, 499, 500 

Diphenyldi-a-naphthylallene, 199, 241, 
242 

a, T-Dipheny 1-a, 7 -di-a-napht hy lallyl al¬ 
cohol, 241, 242 

1.2 - Diphenyl - 1,2 - di - p - iiitrophcnyl- 

hydrazine, 730, 732, 734 
Diphenyldiphenyleneethylene glycol, 509 
1, l-Diphenyl- 2 , 2 -di- 7 a-tolylethylene gly¬ 
col, 505 

1,1-Diphenylelhyleiie glycol, 452, 497- 
499 

N,N-Diphenylhydroxylamine, 734 
Diphenyline, 574 

3.4- Diphenylisoxazole-S-carboxylic acid, 

342 

Diphenylketene, 463 
Diphenylmethyl, 704, 727 
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Diphenyl - a - naphthylallene carboxylic 
acid, 235 

derivatives of, 199, 235 
Diphenyl - a - naphthylcarbomethoxyal- 
lene, 199, 235 

Diphenyl-a-naphthylmethyl, 683, 685, 
686, 713 

Diphenyl nitrogen oxide, 734-736 
Dipheiiylnitroxide, 734-736 
Diphenylphthalide, 646 
Diphenylpicrylhydrazyl, 731, 732 
Diphenyl hdluricle, 654 
9,10 - Diphenyl - 9,10 - tetrahydroijhena- 
zine, 728 

1,2 - Diphenyl - 1 - o - tolylethylene gly¬ 
col, 514 

N,N-Diphenylurea, 459, 460 
9-(/;f,iS-Dij)h(inylvinyl)-xanthyl, 699, 710 
9-(/3,/5-Diphenylvinyl)-xanthyl perchlo¬ 
rate', 701 

Dipole-dipole bonds, 10, 11, 46, 47; see 
also Hydrogen bonds 
Dipole-dipole interactions, 22-24, 31, 94; 

see also Dipole-dipole bonds 
Dipole moments, 10, 23, 24, 26, 27, 179, 
203, 326, 331, 348, 350, 422, 425, 
431; see also Dipoles 
Dipoles, 10, 434, 439, 444, 445, 449, 450; 

see also Dif)ole moments 
Di-n-propyl ketone, 654 
Diradicals, see Biradi(;als 
Disjxirsion, 27 

Dispersion forces, 27; see also Waals, van 
der, forces 

Disproportionation, 657, 662, 665, 672, 
674, 705, 706, 727, 728, 730, 745 
Dissymmetric groupings, 219-223 
Dissymmetric objects, 142, 151, 246 
Dissynunetry, distinction from asym¬ 
metry, 151, 168, 240 
significance of, 151 
Disulfoxides, 357-359 
2,2'-Dithiobisbenzothiazole, 722, 723 
a,a-Di-p-tolylaeot.ophenone, 498, 513 

1,2 - Di - p - tolyl - 1,2 - di - p - biphenyl- 
ylethylene glycol, 516 
1,1 -Di-p-toly 1-2,2-diphenylethylenc gly¬ 
col, 504 

1,2-Di-p-tolyl-l ,2-diphenylethylene gly¬ 
col, 516 
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1, l-Di-p-tolyl-2-phenylethy lene glycol, 
498, 513 

Dodecachlorocyclohexane, 6 
Dodecachloroheptadiene, 6 
Double bonds, addition of hydroxyl 
groups to, 301, 302 
as '^two-membered rings,” 194, 199 
mechanism of addition of halogens to, 
293-299 

perpendicular configuration of, 170,266 
restricted rotation about, 178 
stereochemistry of additions to, 290- 
303 

Doublet states, 749 

D-series, 224; see also Optically active 
series 

Duahstic theory, 676, 677, 679 
Duroquinone, 57, 59 
Dynamic isomerism, 581; see also Tau- 
tomerism 

Eclipsed conformations, 179, 191 
Eigenfunctions, 397; see also Wave func¬ 
tions 

Elaidic acid, 309 
Electrical saturation, 448 
Electric field, 133-135, 139 
Electrodotic reagents, 83 
Electrolyses, 672-675 
Electron diffraction, 126, 127, 167, 326, 
327, 331, 332, 370 
Electronegativity, 50, 52 
Electronic charge, average distribution 
of, 11-16, 20, 46, 52, 91, 92, 173, 
305, 310, 313, 334, 360, 387, 393, 
39fi-399,409,431-433 
value of, 8, ^2 

Electronic theory of valence, 48 
Electronic transitions, 266 
Electrons, conductivity, 740 
direction of induced oscillations of, 
140, 141 

kinetic energy of, 28, 395 
mobility of, 11, 393 
motions of, 393-395 
mutual repulsions of, 13 
pairing of, 416-418; see also Formal 
bonds 
size of, 28 
source of, 18-20, 81 


Electrons, unpaired, 266, 416-418, 649; 

see also Free radicals 
Electron spin, 417, 419 
Electrophilic reagents, 83 
Electrostatic attraction, 30, 31; see also 
Electrostatic bonds 

Electrostatic bonds, 8-10, 677; see also 
Dipolo-dipolo bonds, Hydrogen 
bonds, Ion-dipole bonds, Ionic 
bonds 

Electrostatic effects on chemical prop¬ 
erties, 434-450 

caused by substituents, 437-450 
effects on ionic equilibria, 435-448 
effects on rates, 437, 439, 440, 448-450 
influence of solvent on, 435-437 
quantitalive tn^atments of, 440-450 
Electrostatic interactions, 7, 8, 73, 94, 
213, 424, 676, 677, 720, 737; see 
also Electrostatic bonds. Electro¬ 
static (iffects on chemical propter- 
ties, Intermolecular forces, Intra¬ 
molecular forces 
Empirical formulas, 32 
Emulsin, 243, 244 

Enantiomoiphs, 105, 141, 146, 151-155, 
157, 164-166, 170, 172, 174, 234, 
250, 269-271 

differences between, 154, 155; see also 
Asymmetric decompositions, A- 
syminetric syntheses 
plane configurations of, 181, 187, 189, 
190 

resemblances of, 151-155 
separation of, see Resolution 
Enediols, 595 

Enolic dehydration, 474, 475 
Enolization, 254-258; see also Keto- 
enol tautomerism 
Enols, see Keto-enol tautomerism 
Entropy, 435, 613 
Enzymes, 153, 242, 249, 250 
Epichlorohydrin, 43 

Equilibrium, distinction from photo¬ 
chemical st.eady state, 267-269 
Essentially covalent bonds, 16, 30; see 
also Bonds, of mixed type 
Essentially ionic bonds, 16, 30; see also 
Bonds, of mixed type 
Esters, choleic acids from, 70 
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JSsters, hydrolysis of carboxylic, 280-283 
inversions in reactions of suKonic, 284, 
285 

steric hindrance in hydrolysis of, 379, 
380, 383 

Ethane, 30, 163, 176, 179, 421, 423, 
650, G56-659, 673, 674, 706, 708, 
727 

Ethanolamine, 458 
Ethel'S, boiling points of, 125 
choleic acids from, 70 
in Friedel-Crafts reactions, 559 
pyrolysis of, 653 
solubilities of, 125 

Ethoxy-o-benzoquinone monoxime, 627 
p-Ethoxyhj^drazobenzene, 575 
l-Ethoxy-3-mothyl-2-butene, 126, 536 
Ethyl (radical), 651, 654, 656-659, 661, 
662, 674 

Ethyl acetate, 440, 601 
lOthyl adipate, 439, 440, 448, 449 
Ethyl alcohol, 34, 35, 67, 128, 663 
as ionizing solvent, 40, 77, 78, 435-437 
structure from isomer numbers, 100, 
101 

structure from reactions, 92-98 
Ethyl 0-allylacetoacetatc, 544 
«-Ethylallyl 2-carbomethoxy-6-methyl- 
phenyl ether, 547 

7 -Ethylallyl 2-carbomcthoxy-6-meihyl- 
phenyl ether, 547 
o-a-Ethylallylphenol, 546, 555 
o- 7 -Ethylallylphenol, 546 
a-Ethylallyl phenyl ether, 546, 551 
7 -Ethylallyl phenyl ether, 546, 551, 555 
N-Ethylanilinc, 562 
p-Ethylaniline, 562 
N-Ethylbenzamide, 618 
O-Ethylbenzamide, 618, 620 
Ethylbenzhydroximic acid, 347 
Ethyl bromide, 38, 637, 654, 669 
Ethyl a-bromopropionate, 271, 715 
Ethyl-n-butylacetamide, 523 
Plthyl-n-butylacetic acid, 523 
Ethyl-n-butylacetyl bromide, 523 
Ethyl chloride, 93, 95 
Ethyl chloroacetate, 440 
Ethyl a-chlorophenylacetate, 272 
Ethyl a-cinnamylacetoaoetate, 547 
Ethyl Ocinnamylacetoacetate, 547 


777 

Ethylene, 45, 650, 742 
addition reactions of, 37, 38, 293, 668 
alternative model for, 171-175 
configuration of, 169-175 
formation of, 657, 674, 742 
Hoff, van^t, model of, 169 
perpendicular model of, 170 
planar model, 169 
polymerization of, 661-663, 665 
rotation about double bond in, 178 
st ructure of, 15, 30, 416, 418 
Ethylene bromide, 37, 38, 44 
Ethylene chloride, 179, 180 
Ethylene glycol monoacetatc, 54 
Ethylene oxide, 85-87, 453 
Ethylene oxides, rearrangements of, see 
1,2-Shifts, rearrangements of 
ethylene oxides 

Ethylenic compounds, see also Olefins 
determination of configurations of 
stereoisomeric, 321-324, 326-328 
perpendicular configuration for, 170, 
266 

representation of configurations of, 
188, 189 

Ethylonimines, 350, 351 
JOthyl ether, 35, 40-43, 67, 79, 674 
Ethyl fluoride, 43 
3-Ethylheptane-2-onc, 523 
3-Ethylheptane-2-one oxime, 523 
Ethyl iodide, 39, 97, 98, 618, 654 
Ethyl malonate, 163, 601, 606 
Ethyl mandelate, 272 
Ethyl mercaptan, 281, 311 
Ethylmercuric bromide, 653 
Ethyl Qj-nitrosopropionate, 624 
i9-Ethylpentenoic acids, 541 
Ethylphenol, 556 

Ethyl a-(a-phenylallyl)-acetoacetate, 547 
Ethyl pyroglutamate, 137 
Ethyl sulfide, 39 
Ethyl thiolbenzoatc, 281 
Ethyl p-toluenesulfinate, 356, 357 
Euclidean space, 131 
Eugenol, 541 
Eutectics, 157, 158 
Exchange reactions, bromine, 275 
deuterium, 257, 673 
iodine, 275 

External compensation, 157 
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Extinction coefficients, 684, 689, 690, 
712 

Faraday effecl., 138, 248, 350 
Fats, rholoir acids from, 71 
Fehling’s soJution, 1(»0 
Ferric chloricie, as catalyst for Wagner- 
Mecrwoin rearrangement, 481, 
486, 491 

as Lewis acid, 313 
as oxidizing agent, 642 
color reactions with enols, etc., 584— 
586, 593, 597, 601, 632, 637, 638, 
643 

Ferricyanido ion, 649 
Fisoher-IIepp rearrangement, 572 
Flower pigments, 42 
Fluid states, 31, 33, 131, 141-143, 581, 
582 

Fluorine, role in organic chemistiy, 5-7 
Fluorine atoms, size ()f, 209, 210 
Fluorocarbons, 4-() 
n-Fold axes, 148 
Force constants, 396, 432 
Forces between (omponents of addition 
compounds, 67-69, 71 
Formal bonds, 418-420, 422, 744 
Formal charges, 17-20, 29, 38, 39, 424, 
647 

Formaldehyde, 2, 34, 97, 332, 543; see 
also Formalin 
Formalin, 31-33 

Formic acid, 37, 49, 50, 70, 77, 259, 379, 
424 

Formyl (radical), 655 
2-Formylcylohexane-l-one, 602, 604 
2-Formylcyclopentane-l-one, 602, 604 
Free energy, 368, 426, 441-443, 533; see 
also Stability, thermodynamic 
Free radicals, characteristics of, 416, 
648-650 

colors of, 648, 679-681, 683-685, 688- 
690, 706, 716, 719, 721, 723, 727, 
728, 730, 735-737, 740 
configurations of, 713-716 
dimerization of, 648, 652, 655-657, 
662, 673, 702, 703, 726, 727, 736, 
737 

disproportionation of, 667, 662, 665, 
727 


Free radicals, inorganic, 679, 680; see 
also Biradicals 

long-lived, sec also Biradicals 

containing ^‘bivalent, nitrogen,” 727- 
734 

containing * ^quadrivalent nitrogen,” 
734-740; see also Wurster's salts 
containing trivahmt tarbori, 680- 
720; see also TriaryliiK'thyls 
containing ^‘univalent oxygen,” 720- 
727; see also Semiquinones 
containing ‘‘univalent sulfur,” 722, 
723 

reattt ions with other radicals, 648, 662, 
665, 681, 722, 728, 730, 735 
reactions with oxygen, 648, 687, 688 
short-livefl, see also Biradicals 
in gas phase, 650-663 
in solution, 298, 299, 308, 309, 663- 
675 

hVee rotation, 175-180, 185, 295, 297, 
310, 313, 326 
absolutely, 177 

Friedel-Crafts reactions, 558-560 
Fries rearrangement, 564-568 
I’ructose, 645, 646 
Fulminic acid, 650 

Fumaric acid, as diastereomer of maleic 
acid, 155, 356, 170, 178, 194, 217, 
221, 223 

configuration of, 321-323, 326 
dipole moment of, 326 
formation of, from maleic acid, 264, 
309, 312 

representation of configuration of, 189 
stereochemistry of addition reactions 
of, 290-297, 301 
Functional group isomers, 128 
Furanones, 643 

G (van^t Hoff-Dimroth), 65-67, 607, 608 
Gaseous state, racemic compounds in, 
160 

Geometrical isomerism, 162,156,217-223 
Geometry, Euclidean three-dimensional, 
131 

Glucose, 187,188, 224,242, 243, 317-319, 
645, 646 

aldehyde form of, 317 
a and ^ forms of, 317-319 
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Glutaconic dialdohyde, 612, 613 
Glutaric acid, 374 
Glutaric anhydride, 374 
Glyceraldchydes, 181-186, 189, 220, 225, 
226, 319-321 

Glyceric acids, 181, 182, 186, 226, 227 
Glycine anhydride, 619, 620 
b,0'-dibenzyl derivative of, 620 
Glyoxalines, 626 
Gomberg reactions, 670, 671 
Graphite, 7 

Grignard reat^tions, 542-544, 660, 670; 

sec also Giignard reag(‘,nts 
Grignard reagents, 638; see also Grignard 
reactions 

rearrangcnnents in reactions of, 542- 
544 

Guanidines, 623 

h (Planck’s constant), 303, 305 
Halides, rearrangements in dehydrohalo- 
geiiatioiis of, see l,2-8hifts, retro 
pinacol rearrangement 
Halochromic salts, 40, 41, 45, 701 
Halogenation of ketones, 256, 257 
Halogens, additions to triple bonds, 303 
mechanism of additions to double 
bonds, 203-299 

stereoc^hemistry of additions to double 
^ bonds, 290-299 

Halogen-substituted acids, hydrol^^sis of, 
287 

Heat capacities, 180 

Heats, of combustion, 367, 369, 373, 427, 
428, 613 

of dissociation into free radicals, 652, 
689-691, 695, 703, 706, 733 
of formation, 366, 367 
of hytlrogenation, 428, 542, 708 
Helium, 25, 26 
Hemiacetals, cyclic, 644, 645 
Henry’s Law, 64, 65 
N-3-Heptylacetamide, 523 
w-Heptyl cyanide, 459 
Hexaaryle thanes, 680-697, 700-713; see 
also Triarylmethyls 
analogs of, 697-700, 740, 741 
degrees of dissociation, 685-697 
effects of substituents on, 694, 696, 
697, 707 
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Hexaarylethanes, theoretical ini^irpreta- 
tion of, 706-710 

heats of dissociation of, 689-691, 695, 
703, 706 

Hexaaryltetrazanes, 730-732 
Hexa-p-biph(inylylethane, 683, 694, 729 
Hexa-^crf-butylethane, 377, 378 
Hexachlorobutadiene, 6 
Hexachloroelhane, 6 
Hexacyclohexyldilead, 740 
Hexal>ydroisophthalici acid, see Cy(i(>- 
hexan(^-l ,3-dicarboxyli(! acid 
Hexahydrophthalic acid, sec Cycloh(jx- 
ane-l,2-di car boxy lie acid 
H(‘.xamethylac,etone, 717 
Hexamethylbenzene, 61, 63, 561 
Ih^xamethylditin, 740 
Hexamethylenetetramine, 331, 332 
HexanKithykithane, 125, 707, 708 
Hexamminocobaltic ion, 21, 32 
?i-Hexane, 674 
Hexanitrobenzene, 122 
Hcxa-p-nitrophenylethane, 694, 729, 734 
Ilexaphenyldigermanium, 740 
Ilcxaphenyldilead, 740 
Hexaphenyle thane, 680-690, 694-696, 
702, 703, 706-710, 729 
ionization of, 711-713 
1,1,1,6,6,6-Hexaphenyl-3-hexene, 704 
1,1,1,3,3,3-Hexaphenylpropane, 681 
Hexaphenyltetrazane, 730, 731 
Hexa-o-tolylditin, 740 
Hexa-p-tolylethane, 694, 706 
Ilippuric acid, 619 

Hoff, van’t-Dimroth relation, 65-67, 
607-610 

Hofmann rearrangement, of alk^d aryl 
amines, 561-564 

of amides, see 1,2-Shifts, Hofmann re¬ 
arrangement (of amides) 
Homocamphoric acid, 379 
esters of, 380 
Hydration isomers, 36 
Hydrazides, 461 

Hydrazine, 4, 228, 461, 646, 727 
Hydrazobenzene, 574, 575, 578 
Hydrazoncs, 238 
stereoisomeric, 347 
Hydriodic acid, see Hydrogen iodide 
Hydrobenzoin, 464 
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Hydrobromic acid, see Hydrogen bromide 
Hydrocarbons, 3-5, 7 
addition compounds of, 45, 46, 61-63, 
68-71 

pyrolysis of, 653 
racemization of, 252 
rearrangements of, 456, 457, 481 
Hydrochloric acid, see Hydrogen chloride 
Hydrogen, 2, 650; see also Hydrogen 
molecules 

addition to double bonds, 299-301 
addition to triple bonds, 304, 305 
charge distribution in molecule of, 
11-14 

isotopic, 169,175,257,673 
number of compounds containing, 3, 
4 

reactions with free radicals, 657, 681, 
682, 708 

role in organic chemistry, 3-7 
valence bond in molecule of, 11-14, 
16, 18, 19, 32 

Hydrogenation, of double bonds, 299- 
301 

of triple bonds, 304, 305 
Hydrogen atoms, 47, 394, 395, 647 
in radical-chain reactions, 311, 657, 
660, 661, 667 
tautomeric, 584 

Hydrogen bonds, 10, 11, 46-54, 59, 60, 
91, 289, 423, 492, 565, 621, 628 
in ends and their analogs, 586, 599, 
603, 611, 612, 616, 617, 633 
Hydrogen bridge, 10, 46, 47; see also 
Hydrogen bonds 

Hydrogen bromide, abnormal addition 
of, 666, 667 

acid strength of, 77, 310 
addition to isoprene, 126 
allylic rearrangements in reactions of, 
281 

as catalyst, 309-314, 569-572, 587 
stereochemistry of reactions of, 272, 
273, 289, 302, 305 

Hydrogen chloride, 259, 657, 660, 661, 
675 

abnormal addition of, 667 
acid strength of, 77, 310 
as a catalyst, 310-313, 345, 512, 555, 
568-674 


Hydrogen chloride, as an acid, 38-41, 73, 
74, 76-78, 81, 84, 310-313, 512 
bond in molecule of, 15, 399, 400, 431 
forces between molecules of, 22, 23 
reaction with camphene, 455, 492, 493 
resonance in, 399, 400, 431 
stereochemistry of reactions of, 285, 
305 

Hydrogen cyanide, association of liquid, 
50 

cyanohydrin formation by, 38, 241, 
243, 244, 583 
tautom(^rism of, 629 
Hydrogen fluoride, 4, 10, 11, 46, 47, 49 
Hydrogen iodide, 39, 77, 299, 300, 667 
Hydi-ogcn ions, see Hydronium ions, 
Protons 

Hydrogen molecniles, 11-15, 27-29, 409, 
647 

Hydrogen sulfide, 281 
Hydrolysis of ions, 74,. 75, 82 
Hydronium ions, 40, 73, 74, 76-78, 81 
Hydrociuinone, see p-Benzohydroquinone 
Hydroquinoncs, 54-59 
Hydroxtimic acids, 459, 460, 621, 622; see 
also Hydroxirnic acids 
Hydroxide ion, 16, 17, 72, 73, 75, 79, 81, 
94, 286, 483, 493, 494 
Hydroxirnic acids, 622; see also Hydrox- 
amic acids 
stereoisomeric, 347 

Hydroxonium ion, 40; see also Hydro¬ 
nium ions 

o-Hydroxyacetophenone, 564 
p-Hydroxyacetophenone, 664 
a-Hydroxy acids, division into I)- and 
L-series, 226, 227 
1-Hydroxyanthraqulnone, 63 
o-Hydroxyazo compounds, 47, 53, 628 
p-Hydroxyazo compounds, 628 
Hydroxybenzoic acids, 119, 120 
o-Hydroxybenzonitrile, 53, 64 
5-Hydroxycamphenilonio acid, 97 
5-Hydroxycaproaldehyde, 644-646 
2 - Hydroxy - 3 - chloro - 5 - methylaceto- 
phenone, 668 

2 - Hydroxy - 3 - chloro - 5 - methylben- 
zophenone, 668 

o-Hydroxydimethylaniline, 674 
3-Hydroxy-2,6-diphenylfuran, 643 
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Hydroxyfurans, 643 
6-Hydroxy-2-hexanone, 645 
6-Hydroxy-2-hexanone, 645, 646 
Hydroxylamine, 380, 460, 580, 581, 583, 
597, 626 

2-Hydroxy“4-methylacetophenone, 565 
2“Hydroxy-5-methylacetophen one, 568 
2“Hydroxy-5-methylbenzophenone, 568 
Hydroxymethylenecyclohexanone, 602, 
^4 

Hydroxymethylenecycloperitanone, 602, 
604 

Hydroxymethylene ketones, 602, 604- 
606 

2 - Hydroxy - 5 - methyltetrahydrofuran, 
644-646 
acetate of, 644 
methyl ether of, 644 

2 - Hydroxy - 6 - methyhetrahydropy- 
ran, 644-646 

2-Hydroxy-5-methylthiophene, 642 
benzoate of, 642 

2-Hydroxy-4-phenyl-3-butene, 282, 283j 
536 

Hydroxypyridines, 637-639 
N-alkyl derivatives of, 638, 639 
OAlkyl derivatives of, 637, 638 
Hydroxy pyrroles, 641, 642 
Hydroxyquinolines, 639 

2- Hydroxythionaphthene, 642 

3- Hydroxythionaphthene, 642 
Hydroxythiophencs, 642, 643 
3-Hydroxy«2,4,5-tripheiiylfuran, 643 
'y-Hydroxyvaleraldehyde, 644-646 

p-bromophenylhydrazone of, 644 
Hyperconjugation, 502, 503, 542 
Hypobromous acid, 571 
Hypochlorous acid, 285, 571 

Imidazoles, 626 
Imides, 618, 619 

Imine chlorides, stereoisomeric, 347 
Imino ethers, 618, 620 
Impenetrabilities of atoms, 377,878, 707, 
708, 711, 716, 727, 729; see also 
Bepulsive forces, Steric hindrance 
Incompressibility of liquids and solids, 7, 
378 

Indene, 68, 69 
Indene dibromide, 69 
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Indexes of refraction, 154, 155; see also 
Molecular refraction 
Indigo, 265, 621 

Indigoid dyes, 642; see also Indigo 
Induction periods ip chain reactions, 659, 
660 

Infrared spectra, 124, 327, 621 
Inhibition of chain reactions, 311, 659; 

see also Chain breakers 
Inorganic chemistry, definition of, 1, 2 
Inositol, 198, 220, 223 
Interaction terms, 431-433 
Interconversion of stereoisomers, see 
Diastereomers, interconversion of, 
Racemization 

Intermediate charge distributions, 15, 16, 
20, 46, 52, 91, 92, 173, 258, 305, 
310, 313, 334, 360, 387, 431, 432; 
see also Resonance 

Intermediate stages, theory of, see Reso¬ 
nance 

Intermediate structures, see Intermedi¬ 
ate charge distributions 
Intermolecular forces, 7, 8, 22-28; see also 
Impenetrabilities of atoms. Re¬ 
pulsive forces, Steric hindrance, 
Waals, van der, forces 
Internal compensation, 157, 191, 192 
Internal energy, 366, 435, 533; see also 
Stability, thermochemical 
Interprotonic distances in dibasic acids, 
443, 444, 448 

Intramolecular forces, 7-20; see also 
Bonds, Repulsive forces 
Inversion, of allyl group, see Molecular 
rearrangements, Claisen rear¬ 
rangement 

of configuration, 182-186, 228, 229; 
see also Walden inversion 
Iodide ion, 274, 275 

Iodine, 309, 588, 653-655, 681, 701, 716, 
737, 742 
isotopic, 275 
lodobenzene, 654 
2-Iodooctane, 252, 259, 274, 275 
Ion, definition of, 31 
Ion-dipole bonds, 10, 20, 21 
Ion-dipole interactions, 21, 31; see also 
Ion-dipole bonds 
Ionic bonds, 8-10, 16 
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Ionic bonds, essentially, 16, 30 
representation of, 85 
Ionic cliaracter, 10, 16; see also Bonds, of 
mixed type 

Ionization constants, terminology for 
bases, 79, 80 

values for some weak bases, 42, 43 
Ionization in solution, 39, 40, 73-79 
Ionization metamers, 36 
Ion-pairs, 31 
Iron, 311, 667 
Isatin, 599, 621 
Isatin-tt-anil, 599 
Isatin chloride, 598 
Isoamyl alcohol, 261 
N-Isoamylaniline, 563 
Isoamyl bromide, 563 
Isoborneol, 454, 480, 484, 485, 511 
Isobornyl chloride, 96, 97, 454, 455, 470, 
481, 491-493 
Isobutane, 128, 415, 481 
Isobutyl (radical), 651 
Isobutyl alcohol, 379, 457, 485 
Isobutylamine, 457, 485, 513 
N-Isobutylaniline, 562, 563 
p-Isobutylaniline, 562 
Isobutyl bromide, 563 
Isobutylene, 46, 558, 563, 663, 668 
Isobutylene glycol, 501, 502 
Isobutylene glycol monoethyl ether, 
453 

Isobutyl iodide, 456 
Lsobutyl isocyanate, 456 
Isobutyl phenyl ether, 558 
Isobutyraldehyde, 453, 501 
Isobutyric acid, 672 
Isocamphoric acid, 262 
Isocyanates, 459-461 
Isocyanides, 629, 650 
Isoeugenol, 641 

Isomerism, 32-36, 85, 415; see also 
Stereoisomerism, Structural isom¬ 
erism 

dynamic, 581; see also Tautomerism 
structural, see Structural isomerism 
Isomer numbers, 33, 88-92, 647 
and free rotation, 175-180 
differences between theoretical and 
actual, 88-92,121,122,375-377 
limitations in use of, 116-124, 175 


Isomer numbers, use for determining con¬ 
figuration, 161-174, 329, 330, 333- 
338, 345-356, 358, 359, 361-364 
use for determining structure, 92, 
100-124, 127 

Isomers, definition of, 32-36, 130, 131 
nonexistence of certain, 89, 122, 375- 
377 

Isonitriles, 629, 650 

Isonitroso compounds, 624; see also 
Oximes 

Iso{>entane, 180 
isophthalic acid, 106, 107 
Isoprene, 126 

Isopropyl (radical), 653, 675 
Isopropyl alcohol, 100-102 
Isopropyl bromide, 456, 474, 666 
Isopropyl chloride, 128 
Isopropylmalonamic acid and deriva¬ 
tives, 228, 229 

o-Isopropylphenol, 555, 558, 559 
yj-Isopropylphenol, 555 
Isopropyl phenyl ether, 555, 558, 559 
isostilbeme, 264; see also m-Stilbene 
Isotopes, 169, 174, 175; see also Isotopic 
tracers 

Isotopic tracers, bromine, 275 
carbon, 463, 510 
chlorine, 570 
deuterium, 257, 673 
hydrogen, 257, 673 
iodine, 275 
oxygen, 281, 282 
Isovaleraldehyde, 591 

Kay 79, 80 
K^y 79, 80 

Kationoid reagents, 83 
Kaufler configuration (of biphenyl), 202, 
203 

Kekul6 structures of benzene, 103, 105, 
106, 108-110, 391, 392, 396, 397, 
400, 401, 410, 419, 420, 422, 423, 
427, 428 

distinction between, 392 
Kernel, atomic, 17 
Kernel charge, 17, 18 
Ketene, 742 
Ketenes, 461, 463 
j9-Keto«Jdehydes, 602, 604-606 
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Keto-enol tautomerism, 90, 121, 254- 
257, 426, 429, 474, 475, 583-617, 
633, 636-643 

^-Ketocjsters, 600-603; see also Aceto- 
acctio ester 

Ketones, deuterium exchange with, 257 
enolization of, 254-257, 589-596 
free radicals from, 653-655, 675, 716- 
720 

halogenation of, 256, 257 
oxonium comp)()unds from, 40 41 
structures of, 359-360 
Ketoximes, see also Oximes 
Beckmann rearrangements of, 340-344 
determination of configurations of, 
340-344 

isomerism of, 333-337 
nomenclature for, 338 
Kinetic studies, 256, 257, 268, 269, 273, 
275, 286, 471, 472, 491-494, 550, 
553, 591, 592, 629, 658, 687, 688 
Kinetic theory, 31 

Korncjr absolute method, 111-116, 358 
Kolbe synthesis (of paraffins), 672-674 
Kryptomerism, 581; see aZso Tautomerism 
Kurt Meyer method. 587, 588, 592 601, 
609, 632 

Z-, meaning of, 135, 136, 224 
L-, meaning of, 224 

Lactam-lactim tautomerism 617-621, 
637 

Lactams, 522 

I.actic acid, 166, 224, 227, 270, 316, 320, 
321 

and derivatives, 278 
of-Lactones, 287 
^-Lactones, 283, 286, 287 
Lactose, 138, 139, 232, 332 
Ladenburg structure of benzene, 103, 
106, 115, 116 
Lambert’s law, 684 
Law, of conservation of energy, 656 
of conservation of momentum, 656 
of mass action, 57, 589, 636, 685 
Lead. 650, 653, 655, 742 
Lead dioxide, 737 

Lead oxide, 453; see also Lead dioxide 
Lead tetraacetate, 671 
Lead tetraethyl, 651, 659 
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Lead tetramethyl, 650, 651 
Lead tetraphenyl, 652 
l-.engths of molecules, computed from 
ionization constants, 443-448 

computed from rate constants, 448-450 
Leucine, 243 

Leveling effects of solvents, 76-79 
(levo)-, meaning of, 224 
Levorotation, 135, 136 
I^wis acids, 80-84, 313-315, 452, 489, 
490, 558 

I^ewis basics, 80-84, 494 
Life, origin of, 247 

Light, 26, 27; see also Photochemical re¬ 
actions 

circularly polarized, 134, 135, 154, 155, 
245-248 

nature of, 133-135 

j)lane polarized, 133, 134, 139, 140, 
247, 248 

unpolarized, 133-135 
Ligroin, 67 

Linear combinations, 399-403, 406-410, 
432 

Liquid state, racemic compounds in, 160 
Lithium, 717, 719 
Lithium chloride, 345 
London forces, 27; see also Waals, van 
der, forceps 

Ijossen rearrangement, see 1,2-Shifts, 
Lessen rearrangement 
Lowry-Br0nsted acids, 72-84 
Lowry-Br0nsted bases, 72-84, 255, 494 
L-scries, 224; see also Optically active 
series 

Macroscopic samples, mirror images of, 
142, 143 

Madelung constants, 9 
Magnesium, 668, 675, 717 
Magnesium iodide, 717 
Magnesium oxide, 9, 10 
Magnesium sulfate, 138 
Magnetic field, 133, 247, 248 
Magnetic interactions, 7, 8; see also 
Faraday effect 

Magnetic method for detecting free 
radicals, 417, 685, 691-696, 706, 
718, 719, 722, 732, 735, 738, 741, 
748-749 
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Magnetic moment, 417, 419, 691-693 
Magnetic rotation (Faraday effect), 138, 
248,350 

Magnetic susceptibilities, 350, 685, 691- 
696, 700, 748, 749 
Magnetism, theory of, 691, 692 
Magneton, Bohr, 693 
Maleic acid, as diastereomer of fumaric 
acid, 155, 156, 170, 178, 194, 217, 
221, 223 

configuration of, 321-323, 326 
conversion into fumaric acid, 264, 309, 
312 

representation of configuration of, 189 
stereochemistry of addition reactions 
of, 290-297, 301 

Maleic anhydride, 54, 156, 264, 321, 322, 
704 

Malic acid, 137, 237, 269, 271, 283, 316 
and derivatives, 278, 279 
Malolactonic acid, 283, 286, 287 
Malonic ester, 163, 601, 606 
Mandelate ion, 510 
Mandelic acid, 159, 239-241, 253 
Mandelonitrile, 241, 243, 244, 254 
Manganous acetate, 677, 678 
Mannoheptonic acid nitrile, 244 
Mannose, 244 

Markownikoff’s rule, 666, 667 
Meerwein-Ponndorf reduction, 260 
Melting-point-composition curves, 157- 
160 

Melting points, 125, 153, 156, 323, 433 
Menthol, 239-241 
Menthone, 262 

Menthoxyacetic acid, 237, 238 
Menthylbenzoylformate, 241 
Menthyl isocyanate, 238 
Menthyl mandelate, 240, 241 
Mercaptans, 281, 667 
Mercuric bromide, 653 
Mercuric oxide, 4^, 472, 511 
Mercury, 652-655, 663, 674, 676, 681, 
700, 703 

Mercury alkyls, 653 
Mercury diethyl, 661 
Mercury diisopropyl, 674 
Mercury dimethyl, 653 
Mercury diphenyl, 662, 663 
Mercuiy di-n-propyl, 664 


Merotropy, 581; ste also Tautomerism 
Mesidine, 661 
Mesitylacetic acid, 383 
Mesitylglyoxylic acid, 383 
Meso forms, 156, 157, 190-193, 354, 357, 
358 

Mesomerism, see Resonance 
Metal-acid combinations, 299-301, 304, 
305 

Metal alkyls, 650-653 
Metaldehyde, 370, 371 
Metal ketyls, 675, 716-720 
Metallic ions, addition compounds from, 
45,46 

Metals, addition compounds containing, 
45, 46 

structure of, 740 

Metamerism, 581; see also Tautomerism 
Meta positions, equivalence of, 117-119 
in Ladenburg structure of benzene, 
107, 115, 116 

Methane, 161, 167, 411, 412, 416, 647, 
650, 657, 660, 661, 673, 708 
equivalence of hydrogen atoms in, 
161-164 

models for, 164-168 
number of disubstituted derivatives 
of, 164-166 

number of monosubstituted deriva¬ 
tives of, 161-164 

3-Methoxy-3'-ethoxybenzidine, 577 
Methyl (radical), 416, 647-651, 653, 654, 
656, 657, 668, 671-673 
half-life of, 651 
Methyl acetate, 672, 673 
p-Methylacetophcnone, 43 
Methyl alcohol, 34, 37, 46, 77, 78, 98, 
100, 101, 236, 281, 282, 416, 673 
Methylamine, 315, 459 
Methylamine hydrochloride, 462 
Methylammonium formate, 33, 34 
N-Methylaniline, 572 
Methyl azide, 487 
N-Methylbenzamidine, 623 
3-Methylbenzidine, 576 
Methyl benzoate, 281, 282, 382, 386 
o-Methylbenzyl alcohol, 543 
Methylbenzylcarbinol, 284 
acetate of, 283, 284 
ethyl ether of, 284 
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Methylbenzylcarbinol, p-toluencsulfo- 
nate of, 284, 285, 521 
Methylbiphenyl, 670, 671 
Methyl bromide, 163, 654 
N-Methyl-N-n-butylaniline, 562 
Methyl tertrhniyl ether, 437 
Methyl-n-butylisobutylmethane, 168 
Methyl-n-butyl ketone, 653 
Methyl ^er<-butyl ketone, 452; see also 
Pinacolone 

2 - Methyl - 3 - carboethoxy - 4 - hydroxy- 
pyrrole, 641 

2 - Methyl - 3 - carlxx^thoxy - 5 - hydroxy- 
pyrrole, 641 

Methyl chloride, 161, 162, 462 
Methyl cholanthrone, 70 
Methyloinnamic acid, 324 
a-Methylcrotyl alcohol, 282 
phthalate of, 282 
Methyl cyanide, 50, 163, 272 
Methylcyclopentane, 456 

1-Methylcyclopropanol, 514 
p-Methyldiazoaminobenzene, 625 

1- Mcthyl-l,l-diphenylacetone, 499, 500 
Methylene, 487, 742 

Methylene chloride, 165, 167 
Methylenecyclobutane, 458 
Methyl ether, 40, 44, 81, 92-95, 97, 98, 
100, 101, 128 

Methylethylacctic acid, 238, 714, 715 
Methyl ethyl ether, 100, 101 
Methyl ethyl ketone, 653, 663 
Methylethyl - n - propyhsobutylammo- 
nium iodide, 352 
Methyl fluoride, 163 
Methyl formate, 37 
Methyl fumarate, 264, 312, 313 

3- Methylglyoxaline, 626 
Methylguanidinc, 623 

4- Mcthyl-3-heptene-2,,(>-dionc, 613 
Methylheptenones, 541 

2- Methyl-3-hexanol, 168 
Methylhexenoiies, 541 

2-Methylhydrazobcn2ene, 576 

2- Methyl-4rhydroxyacetopheiione, 565- 

567 

3- Methyl-3-hydroxy-1-butene, 536 
N-Methylhydroxylamine, 336 
O-Methylhydroxylamine, 335 
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2 - Methyl - 2 - hydroxytetrahydropy- 
ran, methyl ether, 646 
Methyl hypobromite, 294 

3-Methylimidazole, 626 
Methyl iodide, 38, 163, 583, 654 
Methyl isocyanate, 467 
Methylisopropylethylene, 454 
Methyl isopropyl ketone, 464 
Methyl maleate, 264, 312, 313, 315 
Methylmandelic acid, 253 
Methylmercuric bromide, 653 

1- Methyl-l-nitrocycloixmtanc, 455, 456 
o - (2 - Methyl - 6 - nitrophenyl) - diazo¬ 
acetophenone, 525, 526 

o - (2 - Methyl - 6 - nitrophenyl) - phenyl- 
acetic acid, 525 
anilide of, 525, 526 

2- Methyl-2-nitrosopropane, 624 
Methylphenylcarbinol, 272 
Methylphenylethylene glycol, 511 
Methylphenylethylene iodohydrin, 453, 

472, 479, 511 

Methylphenylethylene oxide, 472 
N-Methylphthalimide, 618 
Methyl-n-propylkctoxime, 344, 345 

3- Methylpyrazole, 626 
N-Methyl-y-pyridone, 431, 638, 639 
N-Methylpyridones, 638, 639 
N-MethylsaccliSrin, 619 
O-Methylsaccharin, 619 

Methyl salicylate, 53 
N-Methylsuccinimide, 618 
Methyl sulfate, 336, 346, 580 
Methyl tartrate, 192 
p - Methyl - a - p - tolyl - a - phenylaceto- 
phenone, 498 

O-Methyltrichloroacetamide, 620 
Methyltriphenylethylene glycol, 472 
N-Mcthylurea, 462 
N-Methylurethan, 459 
Methylvinylcarbinol, 280, 281, 536 
ethyl ether of, 537, 538 
Methylvinylcarbinyl acetate, 281 
Methylvinylcarbinyl bromide, 535-537 
Methylvinylcarbinyl chloride, 537-539, 
643 

Methyl vinyl ether, 121 
N-Methyl-w(?-m-xylidine, 561 
Migratory aptitudes in the l,2-dhift8, 
494-519 



786 Subject Index 


Migratory aptitudes in the 1,2-shifts, as 
determined by the identity of the 
intermediate, 496-513 
correlation with other properties, 497- 
499, 502, 503, 508, 509, 517, 518 
factors involved in, 494-496 
intrinsic, 513-519 

numerical values in symmetrical pina- 
cols, 515-517 

numerical values in unsymmetrical 
pinac6ls, 504-509 
Milk, 243 

Milk sugar, 138, 139; see also Lactose 
Minimum configurational change, prin¬ 
ciple of, 162; see also Walden in¬ 
version 

Minimum structural change, principle 
of, 95-99, 120, 127, 162; see also 
Molecular rearrangements, 1,2- 
Shifts 

Mirror axes, 148-151 
Mirror images, sec Enantiomorphs 
Mirrors, metallic, 650-655, 742 
Models, ball-and-stick, 196, 107, 419 
Molds, 243 

Molecular compounds, 44; see also Addi¬ 
tion compounds 
Molecular formula, 33 
Molecular rearrangements, allylic rear¬ 
rangement, 280-283, 535-544, 

546-549, 625, 643, 644 
push-and-pull mechanism for, 539, 
540, 552 

benzidine rearrangement, 574-579 
Dewar’s mechanism for, 578, 579 
Claisen rearrangement, 539, 544-555 
dissociation-and-ix^combination mech¬ 
anisms for, 535, 537-540, 551-553, 
556-5G1, 563, 564, 567-573, 576, 
577 

Fischer-Hepp rearrangement, 572 
Fries rearrangement, 564-568 
Hofmann rearrangement, of alkyl aryl 
amines, 561-564 
of alkyl aryl ethers, 555-561 
of diazoamino compounds, 572, 573 
of N-haloacetanilides, 568-571 
analogs of, 571-574 
semidine rearrangement, 575, 576 578 
l,2-shift8, see 1,2-Shifts 


Molecular refraction, 124, 138, 645 
Molecular rotation, 137, 138, 278, 279 
Molecular surfaces, 25 
Molecular symmetry, 24-26 
Molecular volume, 125, 138 
Molecular weights, as test for free radi¬ 
cals in solution, 682, 683, 685, 686, 
699, 700, 718, 722-724, 729, 732, 
735, 740, 741, 745 
Molecule, definition of, 31-33 
Monomcthyl tartrate, 192 
Monosaccharidcjs, division into d- and 
L-s('rics, 224-227 

Muk^, as a hybrid, 392; sec also Analogy, 
mule 

Naphthalene, 32, 61, 63, 389, 390, 401, 
402, 411, 429 

Naphtliakiue picrate, 35, 62 

1- Naphthol, 597-599, 615 

2- Naphthol, 587, 597-599, 615 
Naphthoquinone monophenylhydra- 

zones, 628 

2-a-Naphthy 1-3,5-dinitroaniline, 525 
2-a-N aphthyl-3,5-dinitrobenzamide, 525 
Negative rotation, 135, 136 
Neon, 25 
Noopentane, 25 
Ncopentyl acetate, 454 
Ncopcntyl iodide, 454, 455,475, 480, 490, 
511 

Net charges on atoms, 17, 29, 402, 403 
Nickel, 29t>-301, 304 

Haney, 668 
Nickel cyanide, 46 
Nickel dime thy Iglyoxime, 655 
Nitric acid, 77, 78, 572 
Nitric oxide, 4, 679, 681, 682, 687, 688, 
728, 730, 734, 735, 742 
Nitriles, 629 

from dehydration of aldoximes, 338- 
340 

from Hofmann rearrangements of 
amides, 459 

steric hindrance in reactions of, 380 
w-Nitroacetophenone, 633 
Nitro-aci-nitro tautomerism, 591, 629- 
636 

p-Nitroaniline, 43 
o-Nitroaniline bisulfate, 573 
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Nitrobenzene, 77, 631, 670, 671 
o-Nitrobcnzoic acid, 435, 436 
Nitrobenzoic acids, 104, 105 
Nitrobiphonyls, 670, 671 
2-Nitrobulane, 631 

Nitro compounds, ionization constants 
of, 634-636 

neutralization of, 629, 634-636 
regeneration from salts, 629, 634—636 
tautomerism of, 591, 629-636 
Nitrocyclohoxane, 455 
Nitrodibromobcnzenes, 111-114 
4-N itro-2,6-dime thy lani line, 385 
p-Nitrodiphenylamine, 735 
Nitroethanc, 635 

Nitro forms, 630, 631; see also Nitro-aci- 
nitro tautomerism 

Nitrogen atoms, ability to form chains, 3 
Nitrogen dioxide, 4, 309, 679-682, 734 
Nitrogen oxides, 3, 4; see also Nitrogen 
dioxide, Nitrogen tetroxide, Nitric 
oxide. Nitrous oxide 
Nitrogen tetroxide, 4, 679, 680 
Nitro groups, size of, 209, 210 
Nitroinesitylene, 99 
Nitromethane, 162, 163, 629, 635, 636 
2-N itro-2-methyIpropaiu', 631 
2-Nilrooctane, 631 
w-Nitrophcnol, 51 
o-Nitrophenol, 51, 52, 423 
p-Nitrophenol, 51, 739 
p-Nitrophenylnitromethane, 632, ^3 
2-Nitropropane, 635 
N-Nitrosoacetanilide, 670, 671 
p-Nitrosoanisole, 627 
Nitrosobenzene, 624, 649 
Nitroso compounds, 334, 580, 581, 623, 
624,626, 627, 636 
p-Nitrosodimethylaniline, 572 
N-Nitrosodiphenylamine, 728 
Nitrosoethane, 624 
Nitrosomethane, 624 
N-Nitroso-N-methylaniline, 572 
N-Nitroso-N-methylurca, 462 
p-Nitrosophenol, 580, 581, 627 
2-Nitrosopropane, 6^4 
Nitrosyl bromide, 271 
Nitrosyl chloride, 276, 277, 572 
Nitrous acid, 228, 461, 462, 572, 580, 581, 
626, 627, 641 


Nitrous acid, rearrangements in reactions 
of, 457, 458, 472, 473, 481, 482, 
485, 513, 518 

stereochemistry of reactions of, 276- 
279 

Nitrous oxide, 4, 424, 461 
No-bond resonance, 503; see also Hyper¬ 
conjugation 

Nonanes, number of isomeric, 89 
Nonaqueous solutions, 72-82 
Nonpolar molecules, 10, 24 
Nonstoichiometric mixtures, 32, 33 
North jKile (magnetic), 417, 691, 692 
Nucleophilic reagents, 83 
Nucleus isomers, 128 
Number of structures partaking in reso- 
nancxj, 403, 404, 425, 426 

n-()ctane, 125 
2-Octanol, 285, 287 

1- Octene, 668, 715 
Octet rule, 425, 739 
Octupole moments, 24 
n-Octylamine, 459 

2- Octyl chloroformate, 287, 288 
2-Octyl-p-toluenesulfinate, 285, 357 
2-Octyl p-toluenesulfonate, 285 
Olefins, see also Ethylenic compounds 

abnormal additions to, 666, 667 
additions of free radicals to, 661, 662, 
666-669, 704, 705 
configurations of, 169-175 
in Kolbe synthesis, 674 
polymerizations of, 661-667 
role of in rearrangements of paraffins, 
456, 457 
Oleic, acid, 309 
One-electron bonds, 91 
Onium comp)ounds, 38-45, 81, 91, 647 
bromoniurn, 295-297, 306, 307 
carbonium, 44-46, 497, 701, 702, 712, 
713 

chloronium, 46, 297 
oxonium, 39-44, 255, 305, 489 
Open sextet, 80 

Optical activity, 105, 135-146, 165, 166, 
168, 170, 470, 475, 560, 631, 632, 
714, 715 

cause of, 139-146 
in gaseous state, 139 
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Optical activity, in liquid state, 138, 139 
in radiowave region, 147 
in solid state, 138, 143 
origin of in nature, 246-250 
types of substances exhibiting, 138, 139 
Optical antipodes, 152; see also Enantio 
morphs 

Optical isomerism, 152, 156, 217-223 
Optically active biphenyls, 202-214, 220, 
252, 265, 378 

analogs of, 214-217, 236, 343, 525, 526 
buttressing effect in, 212 
distinction from other classcjs of opti¬ 
cally active substances, 213 
effect of non-ortho substituents, 212, 
213 

effect of number of ortho substituents, 
207-209 

effect of size of oriJio substituents, 209- 
211 

explanation of activity, 202-205 
restricted rotation in, 205, 748 
Optically active series, 223-229, 316, 317 
Optical rotation due to single moleculcjs, 
139-141 

conditions for cancellation of, 141, 
143-147 

Organic chemistry, definition of, 1, 2, 7 
Orientation, rules of, 670, 671 
Orientation factor in intermolecular 
forces, 23, 24, 26 

Ortho effect, 384; see also Steric hindrance 
Ortho positions, equivalence of, 117-119 
in Ladenburg structure of benzene, 
107, 115, 116 

Ortho substituents in optically active 
biphenyls, 204, 205, 207-211 
^‘Oscillation*’ in benzene, 109 
Osmium tetroxide, 301 
Oxalic acid, 95, 444 
Oxamide, 619 
Oxide ion, 9, 10 

Oximes, see also Aldoximes, Ketoximes 
acidity of, 334 

N-alkyl derivatives, 335, 336, 346, 580 
O-alkyl derivatives, 335, 336, 345, 346, 
580 

analogs of, 345-351 
interconversion of stereoisomeric, 344, 
345 


Oximes, isomerism of, 333-345 

early attempts to explain, 333-336 
Hantzsch and Werner’s explanation 
of, 336, 337 

methods for determining configura¬ 
tions of, 338-344 
optically active, 337, 343 
salts of, 334-336 

steric hindrance in formation of, 380- 
382 

tautomerism of, 336, 580, 581, 626, 
627, 629, 636 
Oxindole, 642 

Oxonium compounds, 39-44, 255, 305, 
489 

Oxonium ion (TlaO'^), 40; see also Hydro- 
nium ions 

Oxonium ions, see Hydronium ions, 
Oxonium compounds 
Oxygen, 4, 345 

electronic structure of molecule of, 417, 
418, 741, 742, 745 

induction of radical-chain reactions by, 
311, 312, 666 

inhibition of radical-chain reactions 
by, 658-660 
isotopic, 281, 282 

reactions with long-lived free radicals, 
681, 682, 686-688, 698, 699, 701, 
722, 723 

Oxygen bases, 42, 43 
Ozonizations, 97, 430, 594 

Pairing of electrons, 416-418; see also 
Formal bonds 

Palladium, 299-301, 304, 315 
Para bridges across benzene rings, 376, 
377 

Parachor, 125 
Paraffin, medicinal, 663 
Paraffins, chlorination of, 657-661; see 
also Chlorination of paraffins 
Kolbe synthesis of, 672-674 
rearrangements of, 456, 457, 481 
Paraldehyde, 370, Z7l 
Paramagnetism, 417, 685, 691-693 
Partial valence, theory of, 389-691 
Pelargonamide, 459 
Pelargonidin, 42, 43 
PenidUium glaucum, 243 
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Pentacene, 743, 744 
Pentamethylaniline, 561 
n-Pentane, 25 
Pentanoic acid, 442 

Pcntaphenylcyclopentadien}^, 700, 711 
Pentaphenylcthyl (radical), 697, 707 
Penteuoic acids, 541 
Pentenyl bromides, 126, 536 
Peracetic acid, 673 
Perbenzoic acid, 619, 620 
Perchloric acid, 77 
Perclilorot/erphenyl, 6 
Perfluoro-n-hexadecane, 6 
Permutation convention, 183-186,188 
Peroxides, 311, 312, 666; see also Acetyl 
peroxide, Benzoyl peroxide 
Phenanthrene, optically active deriva¬ 
tives of, 207 

Phenanthrenehydroquinone monoethyl 
ether, 721, 722 
peroxide from, 721, 722 
triphenylmethyl ether of, 722 
Phenanthrenequinone-3-sulfonic acid, 57, 
59, 60 

Phenetole, 556 

Phenol, 61, 83, 84, 119, 120, 384, 385, 
557-559, 580, 581, 584, 596, 597, 
599, 613-615, 625, 626 
Phenols, choleic acids from, 70 
heterocyclic, 636-643 
tautomerism of, 596-599, 613-616, 
636-643 

Phenoquinones, 61 
Phenoxide ion, 494 

Phenyl (radical), 652, 654, 663-665, 671 
Phenylacetaldehyde, 498 
Phenyl acetate, 564 
Phenylacetic acid, 463, 543, 544 
a-Phenylacetoacetic ester, 600, 603 
Phenylacetone, 453, 472, 479, 500, 511 
Phenylacetylide ion, 79 
0 “(a-Phenylallyl)-phenol, 551 

1- Phenyl-2-aminopropane, 521 
Phenyl anion, 75 

Phenyl azide, 487 
Phenylbenzoyldiazomethane, 463 
Phenylbenzylacetomesitylene, 253 
Phenylbenzylacetophenone, 252, 253 

2- Phenylbutane-3-one, 514 
2-Phenyl-l-butanol, 238 


Phenyl scc-butyl ketone, 256, 257 
«-Phenylcrotyl alcohol, 282, 283, 536 
phthalate of, 282, 283, 536 
Phenyldiazomethane, 487 
1 - Phenyl - 2,2 - dibenzylethylene glycol, 
502 

Phenyldiethylacetaldehyde, 464,501, 502 
l-Phenyl-2,2-diethylethylene glycol, 464, 
501, 502 

l-Phcnyl-2,2-dimethylethylene glycol, 
k)l, 502 

9-Phenyl-9-(j9,j8-diphenylvinyl)-xanthene, 

702 

p-PhenyIcnebis (imin ocamphor), 232 
p-Phenylenediamine, 738 
Phenylenediamines, 55, 738 
determination of structures of, 114,115 
Phenylethylcarbinol, 272, 289 
Phenylcthylene glycol, 497 
Phenylglycine, 272 
Phenylglyoxal, 510 
Phenylglyoxylic acid, anilide of, 342 
4-Phenyl-3-hexanone, 464 
l-Phenyl-l-hexene-5-one, 539 

3-Phenyl-l-hexeno-5-one, 539 
Phenylhydrazine, 583, 625, 638 
jS-Phenylhydroxylamine, 574 
Phenyl-p-hydroxyphenylketoxime, 345 
jS-Phenylisobutyramide, 521 
/3-Phenylisobutyric acid, 521 
/3-Phenylisobutyronitrile, 521 
a-Phenylisobutyrophenone, 500 
Phenyl isocyanate, 482 
Phenylmagnesium bromide, 463, 669, 
670, 701 

Phenylmethylacetophenone, 253 
Phenylmethyl-n-butylacetophenone, 253 
l-Phcnyl-2-methylethylene glycol, 500 
/3-Phenyl-^-methylheptanoic acid, 523, 
524 

a-Phenyl-a-methylhexanoic acid, 523, 
524 

p-Bromoanilide of, 523, 524 
l-Phenyl-3-methylpyrazole, 626 
l-Phenyl-5-methylpyrazole, 626 
Phenylmethyl telluride, 654 
Phenyl - a - naphthyl - p - biphenylyl- 
methyl, 683 
Phenylnitroamine, 573 
Phenylnitromethane, 632 
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Phenyl p-nitrophenyl ketone, 336 
Phenyl-p-nitrophenylketoxinie, 345, 346 
N-methyl derivative of, 336, 346 
Omethyl derivative of, 336, 345, 346 
o-Phenylphenol, 53 
a-Phenylpropionaldehyde, 472, 511 
4-Phenylpyridine, 674 
a-Phenylsulfonylethane sulfonic acid, 
257, 258 

a-Phenylsulfonylpropionic acid, 258 
N-Phenyl“N'-p-tolylbenzamidinc, 623 
Phenyl p-tolyl ketone, 335, 336 
Phenyl-p-tolylketoxime, N-methyl deriv¬ 
ative of, 336 

O-methyl derivative of, 335, 336 
N-Phenylurea, 465 
N-Phenylurethan, 347 
Phenylvinylcarbiiiol, 539 
Phloroglucinol, 597, 614 
methyl derivatives of, 597 
trioxime of, 597 
Phosgene, 287, 288 
Phosphine oxides, 362 
Phosphines, 39, 43 
Phosphonium salts, 39, 362 
Phosphorus, configuration of, 362 
Phosphorus oxychloride, 285 
Phosphorus pentachloride, 269, 270, 285, 
288, 316, 338, 340, 342-344, 347, 
646 

Phosphorus pentasulfide, 612 
Phosphorus pentoxide, 454 
Phosphorus trichloride, 285, 288, 338 
Photochemical reactions, 245, 246, 267- 
269, 298, 299, 307-309, 311, 345, 
348, 624, 653-655, 658, 667, 668, 
722; Bee aho Photolyses, Photo¬ 
synthesis 

Photochemical steady state, 267-269 
Photolyses, 653-655, 663, 742 
Photosynthesis, 242 
Phthalio acid, 106, 237 
Phthalio anhydride, 202, 203, 646 
Phthalide, 646 
Phthalimide, 618 
Phthaloyl chloride, 646 
Physical methods, for determining con¬ 
figuration, 171, 175, 179, 323-328 
for determining structure, 92, 124-127 
Picramide, 43 


‘Ticrates,” 62 

Picric acid, 35, 36, 62, 67, 384, 385, 737 
Picryl chloride, 384, 385 
Pinacol, 452, 465-467, 470, 471, 478, 489, 
675 

dimethyl ether of, 453 
Pinacolone, 452, 453, 458, 465-467, 470, 
471, 478, 479, 482, 489 
Pinacolone rearrangement, see 1,2-Shifts, 
pinacol rearrangement 
Pinacol rearrangement, see 1,2-Shifts, 
pinacol i-earrangenient 
Pinacolyl alcohol, 454, 467, 479 
Pijxiridine, 315 ; 

Pivalophonone, 717 

Pivot bonds, 204, 207, 254, 261, 343, 
525, 748 

pKa, 80 
pKhy 80 

Planck’s constant, 393, 395 
Plane configurations, conventions for use 
of, 182-188 

for cyclic molecules, 187-189 
for noncyclic molecules, 180-187 
relation to absolute configurations, 
182, 186-188, 319-321 
use in predicting numbers of stereo¬ 
isomers, 189-198 

Plane projection diagrams, 181; see also 
Plane configurations 

Planes of symmetry, 147-151, 190-192, 
194, 195, 198, 204-206 
Platinum, 299, 301, 304, 315, 681 
organic addition compounds contain¬ 
ing, 45, 46, 69 

Polarization, 10, 23, 24, 26, 68, 71 
of light, see Light 
Polarized light, see Light 
Polar molecules, 10 

Polemics, Kolbe’s against van't Hoff, 
131-133 

C. H. Windler’s^' (Wdhler’s) 
against the substitution theory, 
677-679 

Poles, magnetic, 417, 691, 692 
Polymerization of olefins, 6, 661-667 
Polymethylene dihalides, 742 
Poly methylenes (biradicals), 742, 743 
Polymorphism, 33, 121, 131 
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Polynitro compounds, addition com¬ 
pounds of, 35, 36, 62, 63, 67-69 
Polysaccharides, 153 
Polystyrene, 664, 665, 668 
Porphyrindine, 745, 746 
Position isomers, 128 
Positive rotation, 135, 136 
Potassium, 717-719 
Potassium aniline-o-sulfonate, 574 
Potassium diphenylmtithyl, 703, 704 
Potassium 1,1-diphenylpropyl, 701 
Potassium fcrrifyanide, 721 
Potassium hydroxide, 269, 286, 287 
Potassium iodide, 588 
Potassium permanganate, 285, 301, 302 
Potassium phenylisopropyl, 665 
Potassium N-phenylsulfamate, 574 
Potassium superoxide, 680 
Potentiometric mc^thods for detecting 
free radicals, 724-726, 738 
Principle, of minimum configurational 
change, 162; see also Walden in- 
veraion 

of minimum structural change, 95-99, 
120, 127, 162; see also Molecular 
rearrangements, 1,2-Shifts 
Probability factor, intermolecular forces, 
23, *24, 26 

ring closure, 371-373 
Projection diagrams, plane, 181; see also 
Plane configurations 
Propane, 659, 674 
Propenylbenzene, 540 
Proper functions, 397; see also Wave 
functions 

Propionaldehyde, 121, 122, 501, 653, 663 
Propionic acid, 70 
Propionyl chloride, 230 
n-Propyl (radical), 651, 654 
n-Propyl alcohol, 100-102 
n-Propyl bromide, 456, 474, 666 
n-Propyl chloride, 128 
Propylene, 122, 474, 663, 666, 668, 674 
Propylene glycol, 501 
n-Propylisopropylcarbinol, 168 
n-Propylmagnesium bromide, 674 
Proteins, 153, 227 
number of isomeric, 89, 250 
Protons, 43, 73, 80, 81, 83, 305, 310, 
313-^H5, 438-443 
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Prototropy, 581-646; see also Tautomer- 
ism 

Pseudo acids, 635, 636 
Pseudo-aromatic substances, 41, 42 
Pseudo-asymmetric atoms, 193 
Pseudomerism, 581; see also Tautomerism 
Pseudoracemic mixed crystals, 157; see 
also Solid solutions 
Puckered rings, 207, 369-371 
Pyocyanine, 59 

Pyramidal configurations, significance of, 
164, 333 

Pyranose structures, 155, 193 
Pyrazole, 377 
Pyrazoles, 626 

Pyridine, 272, 288, 632, 633, 674 
Pyridones, see Hydroxypyridines 
Pyrogallol, 688 
Pyrolyses, 650-655, 663, 742 

Quadrupole moments, 24 
Quantum mechanics, 28, 393, 395, 397- 
403, 408, 413-415, 423, 431-433, 
679, 742, 749; see also Resonance 
Quantum yield, 299 
Quartz, 138, 247 

Quasi-quinhydrones, 55, 60, 61, 67-69; 
see also Polynitro compounds, 
addition compounds of 
Quasi - three - dimensional convention, 
184-186 

p-Quaterphenyl, 669, 670 
Quinhydrone, 54-56, 59 
Quinhydrones, 54-62, 67-69; see also 
Semiquinones 

proper, 55; see also Quinhydrones 
Quinicine, 234 
Quinidine, 241, 242 
Quinine, 234, 241, 242 
Quinone, see p-Benzoquinone 
Quinone imines, 54, 55, 58 
Quinone monophenylhydrazones, 628 
Quinones, 54-59, 61; see also p-Benzo- 
quinone 

QuinucUdine, 331, 332 

Racemates, 157; see also Racemic com¬ 
pounds 

Racemic acid, 233, 234; see also Tartaric 
adds 
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Racemic compounds, 157-160 

Racemic mixtures, 157; see also Conglom¬ 
erates 

Racemic modifications, 141, 147, 153, 
157-160, 230 

as additional stereoisomers, 160 
methods of designating, 160 
nonresolvable, 192, 206, 330, 331 
separation into components, see Reso¬ 
lution 

Racemic person, 246 

Racemization, 157, 249-261 
catalysis of, 252, 253,255-259, 274,275 
during reactions, 270, 271, 280, 282 
in 1,2-shifta, 470, 475, 519, 520, 524 
of alkoxides, 259-261 
of alkyl halides, 252, 258, 259, 274, 275 
of alkyl radicals, 714, 715 
of allenes, 252 

of biphenyls and analogs, 209-212, 
217, 236, 252, 254, 265 
of carboxylic acids, 253-257 
of cyanides, 254 
of hydrocarbons, 252 
of ketones, 252-257 
of nitroparaffins, 631, 632 
of sulfonium salts and analogs, 359 
of sulfonyl compounds, 257, 258 
spontaneous, 250 

Werner’s mechanism of, 251-254, 294, 
331, 359 

Radical-chain reactions, 298, 299, 308, 
309, 311, 312, 657-670, 687, 688, 
714, 715 

Radio waves, plane polarized, 147 

Raman spectra, 124, 179, 327, 328 

'^Raumerfiillung,” 381, 383; see also 
Steric hindrance 

Reactions, use of for determining struc¬ 
ture, 92-100, 127 

Rearrangements, molecular, see Molec¬ 
ular rearrangements, 1,2-Shifts 

Refraction, 27; see also Molecular re¬ 
fraction 

Relative asymmetry, 195, 198, 200 

Repulsive forces, 7, 9, 22, 23, 27, 28, 
205, 207, 211, 566; see also Im¬ 
penetrabilities of atoms, Sterio 
hindrance 

Resolution, 157, 230-240, 243 


Resolution, by adsorption, 232, 239 
by crystallization, 231, 234-239 
by differences in reaction rates, 239, 
240 

by distillation, 232, 239 
by induced selective precipitation, 
239 

by spontaneous separation, 232-234, 
239, 246-249 

by transformation into mixtures of 
diastereomers, 234-239 
need for, 230, 231 
I of acids, 234—236, 239 

of other classes of compound, 236-238 
Resonance, 387-434, 461, 462, 476, 478, 
493, 494, 499, 502, 503, 531-533, 
538, 540, 542, 550, 581, 591, 610, 
613-615, 628, 630, 631, 633, 636, 
638, 639, 650, 679, 680, 696, 708- 
711, 715, 719, 720, 723, 725-727, 
729-731, 734-738, 741, 743, 748; 
see also Conjugation, Intermediate 
charge distributions 
conditions for, 414-418 
coupling factor in, 414-418, 426, 427, 
433 

distinction from tautomerism, 426, 
427, 429, 581 

effect on properties, 427-431 
number of structures partaking in, 
403, 404, 425, 426 

number of unpaired electrons, 416- 
418, 427; see also Formal bonds 
positions of electrons, 416, 427 
positions of nuclei, 415, 416, 427 
stability factor in, 414, 420^7 
stabilization by, see Resonance energy 
steric inhibition of, 567 
Resonance energy, 427-429, 432, 433, 
499, 502, 503, 532, 538, 540, 542, 
550, 553, 567, 610, 613-616, 636, 
709-711, 726, 727, 737, 738 
Resorcinol, 120, 597, 615 
Resorcinol monoethyl ether, 627 
nitroso derivative of, 627 
Retropinacol rearrangement, see 1,2- 
Shifts, retropinacol rearrange¬ 
ment 

Rigid-body^d-permutation conven¬ 
tion, 185 
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Rigid-body convention, 182, 183, 185, 
186, 188 

Ring-chain tautomerism, 374, 644-646 
Ring closure, determination of configu¬ 
ration by, 321, 322, 325, 339, 340, 
343, 522 

ease of, 365, 366, 368, 371-374 
Rings, ease of breaking, 368, 373, 374 
ease of forming, 365, 366, 368, 371-374 
puckered, 369-371 
rotation in, 194-197 
Rotation, free, see Free rotation 
of plane of fK)larization, 135-138; see 
also Optical activity 
restricted, see Free rotation, Optically 
active biphenyls 
Rubidium, 717 
Rubidium tartrate, 159 
Rubrene, 743, 744 

Rule of Muller and Muller-Rodloff, 741- 
748 

Saccliarin, 619 

Samarium acetylacetonate, 649 
Saturation of covalence, 12-15, 47, 423, 
425 

Schiff’s bases, 359, 360 
stereoisomeric, 347 
Schrodinger equation, 398, 399, 409 
Secondary acids, one alpha hydrogen 
atom, 379 

slow neutralization, 636 
Selenium, 655, 742 
<*,onfiguration of, 364 
Selenoformaldehyde, 742 
Selenonium salts, 364 
Selenoxides, 364 
Semicarbazones, 238, 347 
Scmidine rearrangements, 575, 576, 578 
Semidines, 575 

Semipolar double bonds, 16-20, 31, 359, 
360 

Semiquinones, 56-60, 725-727, 738 
dimers of, 56-60 
polymers of, 60 

Series, D-, 224; see also Optically active 
series 

ir*, 224; see also Optically active series 
Sharing of electrons, 15-18 
unequal, 15-18 
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1,2-Shifts, 451-534, 558, 579 
Beckmann rearrangement, 340-345, 
347, 465, 483, 523, 527, 528 
benzilic acid rearrangement, 464, 483, 
510 

Curtius rearrangement, 460, 461, 466, 
468, 469, 482, 487, 519, 521 
Demjanow rearrangement, 457, 458, 
481, 485, 511-513 

Hofmann rearrangement (of amides), 
276, 459-461, 467, 469, 482, 488, 
519-523 

lack of dissociation in, 524-526, 529, 
530, 534 

Tiossen rearrangement, 459-461, 482, 
488, 519, 521 

mechanism of, early attempts to ex¬ 
plain, 465-475 

Whitmore, 475-494, 519, 529 
mechanism of migration in, 529-534 
migratory aptitudes in, see Migratory 
aptitudes in the 1,2-shifts 
pinacolone rearrangement, 452; see also 

1.2- Shifta, pinacol rearrangement 
pinacol rearrangement, 452, 453, 458, 

405, 466, 468-474, 478, 489, 490, 
494-519, 526-529 
analogs of, 453, 479 
rearrangements of aldehydes, 464, 465, 

471, 483, 502 

rearrangements of amino alcohols, 453, 
458, 482, 512, 513, 518, 519 
rearrangements of ethylene oxides, 
453, 470-473, 479, 509, 510 
rearrangements of glycol ethers, 453 
rearrangements of halohydrins, 453, 

472, 479, 511 

rearrangements of paraffins, 456, 457, 
481 

retropinacol rearrangement, 96, 97, 
454-456, 467, 479-481 
simultaneity of steps in, 528-530, 
534 

stereochemistry of, 519-529, 534 
Wagner-Meerwein rearrangement, 454; 
see also 1,2-Shifts, retropinacol re¬ 
arrangement 

Wagner rearrangement, 454; see also 

1.2- Shifts, retropinacol rearrange¬ 
ment 
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1,2-Shifts, Whitmore mechanism of, 475- 
494, 519, 529 

Wolff rearrangement, 461-463, 466, 
482, 484, 487, 523-526 
Sign of rotation, effect of experimental 
conditions on, 137, 223 

methods for representing, 135,136, 224 
Silicon, 7 

configuration of, 361 
Silver, addition compounds containing, 
46 

‘^molecular,” 680, 681, 700 
Silver acetate, 455, 475, 480, 490 
Silver cyanate, 456 
Silver iodide, 491 
Silver nitrate, 475 
Silver nitrite, 455, 490 
Silver oxide, 269, 270, 272, 286, 287, 618 
Silver perchlorate, 737 
Simple axes, see Axes of symmetry 
Single bonds, free rotation about, 176- 
180, 185 

restricted rotation about, 192; see a/so 
Optically active biphenyls 
Sizes of atoms and groups in biphenyls, 
209, 210 

Skeletal isomers, 128 
Skeleten, 128 
Sodamide, 461 

Sodium, 93, 98, 299, 300, 304, 590, 654, 
680, 698, 699, 703, 716-719, 742 
Sodium acetate, 75, 674 
Sodium ammonium racemate, 233; see 
also Sodium ammonium tartrate 
Sodium ammonium tartrate, 159, 233, 
239, 247 

Sodium azide, 461 

Sodium b<mzenediazo8ulfonate, 349, 350 
Sodium benzene diazotate, 349, 670, 671 
Sodium carbonate, 338, 340 
Sodium chlorate, 138, 301 
Sodium chloride, 8, 9, 11, 12, 16, 29-31, 
294,424,425 

Sodium di-p“biphenylyl-^erf-butylmethyl, 
701 

Sodium ethyl, 674 
Sodium formate, 99, 100 
Sodium glyoxylate, 99 
Sodium hydroxide, 75, 79, 81, 83, 99 
Sodium ion, 20, 21, 32, 72, 75 


I Sodium nitrate, 294 
Sodium oxide, 94, 676 
Sodium N-phenylsulfamate, 573 
Sodium-potassium alloy, 703, 704 
Sodium sulfanilate, 573 
Sodium sulfate, 676 

Sodium triphenylmethyl, 701, 703, 712 
Solid solutions, 157-160 
Solubility, 51, 63-67, 125, 154, 323, 607- 
6io, 632, 633 

through formation of choleic acids, 71 
Solvated ions, 10, 20-22, 32, 44 
Solvation, 436; see also Solvated ions 
Solvent, effect on dissociation of hexa- 
phenylethane, 690, 691 
effect on ionic ecjuilibria, 435-437 
(^ffe(!t on reaction rates, 437 
effect on specific rotation, 137 
effect on tautomeric equilibria, 588, 
589, 593, 603, 607-610, 632, 633 
eff('ct on Walden inversion, 272, 288 
leveling effect of, 76-79 
of (Tystallization, 10 
suitability for precipitation of addition 
compounds, 54, 62-67, 71 
Solvolysis reactions, 437, 537 
South pole (magnetic), 417, 691, 692 
Specificity, stereochemical, 249, 250; see 
also Asymmetric decompositions, 
Asymmetric syntheses 
Specific rotation, 136-138 
Spectra, 154, 155, 245; see also Infrared 
spectra, Raman spectra, Spectro¬ 
scopic methods, Ultraviolet spectra 
Spectroscopic methods, 51, 124, 166, 
179, 327, 328, 332, 350, 594, 620, 
621, 627, 640, 658, 684, 689-691, 
695, 706, 712, 713, 741 
Spin of electron, 417, 419, 744 
Spiranes, 200, 201, 220, 352-354, 361-363 
Spiro atoms, 200 

Spontaneous separation, resolution by, 
232-234, 239, 246-249 
Stability, different kinds of, 366-368 
physical, 647, 648 

relative, of stereoisomers, 297, 301, 
304-306, 319, 323, 325, 326 
synthetic, 365, 366, 368, 371-374 
thermochemical, 368, 371, 372, 420- 
429, 499, 603, 613 
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Stability, thermodynamic, 368, 374, 427, 
497, 499, ,503 

unreactivity, 368, 373, 374 
Stability factor in I'esonanco, 414, 420- 
427 

Staggered (;onformatiorhs, 179, 180, 191 
Stannic (diloride, 44, 80, 81, 665 
Statics, problem in, 404-414 
Statistical factors, 438, 441, 442, 444, 449 
Steady state, photochemical, 267-269 
Stearic acid, 70 

Sterooch(jmical sp<3cificity, 249, 250; see 
also Asymmetric decjompositions. 
Asymmetric synthestis 
Stt^reochemistry, 2.30 

of addition niacdions, 231, 290-306 
of carbon, 230-328 

of elements other than carbon, 329- 
364 

of fi-ee radicals, 713-716 
of 1,2-shifts, 519-529, 534 
of substitution rta(?.tions, 230, 231; 
see also Walden inversion 
Stereoisomerism, 21, 85, 90, 104-107, 
109, 110, 116, 121, 124, 130- 
304 

distinction from structural isomerism, 
85, 90, 130 
origin of term, 131 

Stereoisomers, see Diastereomers, Enan- 
tiomorphs. Stereoisomerism 
interconversion of, 165, 166, 178, 301; 
see also Diastereomers, intercon¬ 
version of, Racemization 
numbers of, 189-217 
Stercostoichioiners, 130, 131, 160 
Steric effects, 434; see also Impenetrabili¬ 
ties of atoms, Steric hindrance, 
Strain 

Steric hindrance, 253, 315, 323, 378-386, 
595, 596; see also Impenetrabilities 
of atoms, Optically active bi¬ 
phenyls, Repulsive forces 
priority in formulation of theory, 383 
Stilbene, 264, 267, 292, 293, 297-299, 
304, 306-312, 327, 487 
cfs-Stilbene, 264, 267, 304-315 
Stilbene dibromidc, 293, 306, 307, 312 
Stilbene dichloride, 293, 298, 299 
Stilbene methoxybromide, 293, 294 
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Stoichiomers, 34-36, 130, 131, 160 
Stoichiometric mixtures, 32-34, 36, 160 
Strain, 15, .52, 90, 283, 350, 366-377, 
532, 716 

J^aeyer’s original strain theory, 365, 
366,377 

r(‘cont dev(?lopmente in strain theory, 
366-371 

Structural isomerism, 34, 85-127 

distin(!tion from stereoisomerism, 85, 
90, 130 

St,ruct.ural Isomers, classification of, 
127-129 

Structural theory, suc(!essor to type 
theories, 679 

Structunj, significamie of, 85-88 
Structures, arbitrariness of resonating, 
413, 414 

lack of geometrical significance of, 
85-88 

methods for determining, 92-127 
methods for represtmting, 85-88 
nongeometrical representations of, 86- 
88 

oscillations l>etween resonating, 391, 
392, 413 

relative importance of resonating, 400- 
403, 410, 412, 420-427 
which camiot resonate, 412, 415-418 
Styrene, 259, 664, 665, 667-669, 704 
Substitution I’eactions, stereochemistry 
of, 230, 231; see also Walden in¬ 
version 

Substitution theory, 677-679 
Succinic acid, 237, 373, 672 
Succinic anhydride, 373 
Succinimide, 618, 641 
Succinyl chloride, 646 
Sucrose, 138, 139, 319, 371 
Sulfides, 39, 43 
Sulfilimines, 356, 359, 360 
Sulfinic esters, 3.56, 357, 359, 360 
Sulfones, 356, 359 
Sulfonic esters, 356, 357 
Sulfonium salts, 39, 43, 355, 356 
Sulfoxides, 356, 359, 360, 422, 425 
Sulfur, configuration of, 355-360 
diatomic, 417, 741, 742, 745 
Sulfur dioxide, 259, 711-713 
Sulfuric acid, 40, 42, 76, 77, 609, 665 
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Sulfuric acid, rearrangemcntiJ catalyzed 
by, 340, 343, 452, 454, 464, 501, 
502, 526, 555, 557, 558, 560, 572- 
574 

Sulfur monoxide, 417, 741, 742, 745 
Sulfur trioxide, 676 
Superoxide ion, 680 
Surface tension, 125, 433 
Survival value, 249 
Symmetry elements, 147-151, 168 
Symmetry properties of molecules, 147- 
151 

syUj significaiKie of term, 338 
synranti isomerism, sec Oximes, analogs 
of, Oximc'S, isomerism of 
Synthesis of organic compounds from 
elements, 2 

Synthetic stability, 365,366,368,371-374 

meso-Tartaric acid, 156, 157; see also 
Tartaric acids 

as nonresolvable racemic modification, 
191, 192, 206 

symmetry of molecule, 191 
Tartaric acids, 137, 160, 190-192, 233, 
234, 237, 243, 301, 302, 316, 321 
as optical isomers, 155, 156, 217, 221 
Tartranilic acid, 237 
Tautomeric compounds, 582 
Tautomeric hydrogen atoms, 584 
Tautomerides, 582 

Tautomerism, 90, 92, 109, 121, 129, 173, 
254-257, 336, 580-646, 670 
anionotropy, 643, 644, 646; see also 
Molecular rearrangements, allylic 
rearrangement 

distinction from resonance, 415, 426, 
427, 429, 581 

effect of concentration, 588, 589, 603 
effect of solvent, 588, 603, 606-610, 
632, 633 

interconversion of tautomers, 582, 585, 
594-596 

keto-enol, 583-617; see also Acetoacetic 
ester, Keto-enol tautomerism 
lactam-lactim, 617-621,637 
nature of, 580-583 
nitro-aci-nitro, 591,629-636 
of dicarbonyl compounds, 599-613, 
616, 617; see also Acetoacetic ester 


Tautomerism, of nitroso compounds, 580, 
581, 623, 624, 626, 627, 636 
of nitrosophenols, 580, 581, 626, 627 
of oximes, 336, 580, 581, 626, 627, 
629, 636 

of phenols, 596-599, 636-643 
of simple carbonyl compounds, 589- 
596 

prototropy, 580-646; see also Keto- 
enol tautomerism 

other than keto-enol tautomerism, 
617-646 

ring-chain, 374, 644-646 
synonyms for, 581 

variations of enol content with struc¬ 
ture, 613-617 
Tautomers, 582 
Tellurium, 488, 653-655, 742 
configuration of, 364 
Telluroformaldehyde, 488, 742 
Telluronium salts, 364 
Temperature, effect on specific rotation, 
137 

Terpenes, 153, 454 
p-Terphenyl, 669, 670 
chlorinated, 6 

Terphenyls, stereoisomeric, 214, 215 
Tetra-p-anisylhydrazine, 728, 736 
Tetraaryldiacyltetrazancs, 732-734 
Tetraarylethanes, 697-699, 703, 704, 729 
Tetraarylhydrazines, 727-730 
Tetra - p - biphenylyldi - tert - butyleth- 
ane, 697, 701 

Tetrarp-biphenylylhydrazine, 729 
Tetrabromoethylene, 6 
Tetra^^eri-butylmethane, 122 
Tetrachloro-p-benzoquinone, 61, 68 
TetrachlorobKjnzpinacol, 468, 469, 471, 
472 

Tetrachlorobenzpinacolone, 469 
2,6,2',6' - Tetrachloro - 4,4'-bis - (di- 
phenylmethyl)-biphenyl, 747, 748 
Tetra-p-chlorophenylethylene oxide, 472 
Tetrachlorophthalic anhydride, 61 . 
Tetra - (p - dimethylaminophenyl) - hy¬ 
drazine, 728, 729 

Tetraethylammonium (radical), 739, 740 
Tetraethylammonium chloride, 739 
Tetraethylammonium iodide, 739 
Tetraethylphosphonium iodide, 39 
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Tetrafluoroethyleno, 6 
Tetrahedral angle, 167, 365 
Tetrahedral carbon atom, 161-168 
Tetrahedral configurations, irregular, 167 
significance of, 164, 333 
2,3,2',3' - Tetraiodo - 5,5' - dicarboxybi- 
phenyl, 212 

Tetramesitylethane, 698, 699 
Tetramethylammonium chloride, 29, 345 
Tetramcthylammonium hydroxide, 47- 
49, 79 

Tetramcthylammonium iodide, 38 
Tetramethylammonium nitrate, 29-33, 
94 

Tetramethylbistibine, 651 
Tetramethyletlianolamine, 458, 482 
Tetramethylethylene, 454, 467, 479 
Tetramethylethylene glycol, 452; see also 
Pinacol 

Tetramethylethylene oxide, 453, 470, 
471, 479 

Tctramethylsuccinic acid, 373, 444, 672 
Tetramethylsuccinic; anhydride, 373 
Tetraphenyldilxinzoyltotrazane, 732, 733 
Tctraphenyldi-fcr^-butylethane, 697, 706 
Tetraphenyldi - p - chlorophenyltetra- 
zaiie, 731 

Tetraphenyldi - a - naphthylethane, 683, 
685, 686, 694, 713 

Tetraphenyldi-/3-naphthylethane, 691 
Tetraphenyldipicryltetrazane, 731, 732, 
734* 

Tetraphenylcthane, 698, 703, 704, 707, 
727 

3,3,4,4-Tetraphenylhexane, 701 
Tetraphcnylhydrazine, 727-729 
Tetraphenylmethane, 680, 707 
5,6,11,12-Tetraphenylnaphthacene, 743, 
744 

Tetraphenyloctazatriene, 3 
Tetra-p-tolylhydrazine, 737 
Tetra - p - tolylhydrazinium perchlorate, 

737 

Thermodjmamics, second law of, 267 
Thiele’s structure, of benzene, 389-391, 
397, 410, 411 
of naphthalene, 390, 429 
Thioacids, 667 
Thiolbenzoic acid, 281 
Thionyl chloride, 272, 285, 288 
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Thiophene, number of isomeric deriva¬ 
tives, 123, 124 
Thiotenol, 642 

Third body in association reactions, 656, 
657, 662 

Three-electron bonds, 741 

Tin, 7, 655 

Tin tetrabenzyl, 651 ^ 

Titanous chloride, 702 
Tolane, 303-305 

Toluene, 102, 118, 110, 463, 517, 670, 
671 

p-Toluon(Hliazonium nitrate, 625 
p-Tolucnesulfinyl chloride, 285 
p-Toluenesulfoiiic acid, 526 
p-Toluenesulfonyl chloride, 284, 521 
o-Toluic acid, 544 
p-Toluidine, 332, 625 
p-Tolyl benzoate, 568 
o-Tolyldiphenylacetaldehyde, 474 
p-Tolylhydrazine, 625 
o-Tolylmagnesium bromide, 544 
tranSf 189 

ambiguity in meaning, 323, 324 
use of term for ring compounds, 194 
tram additions, 292, 293, 296-306 
Transition state, 533 w 
Triarylhydrazyls, 730-732 
Triarylmethyls, 680-697 
addition to olefins, 704, 705 
association of, 702; see also Hexaaryl- 
ethanes, degrees of dissociation 
colors of, 681-685, 713 
disproportionation of, 705, 706 
further dissociation of, 686 
preparation of, and analogs, 681, 700- 
702 

reactions with metals, 703 
Tribenzoylmethane, 584-586, 607 
Tri-p-biphenylylmethyl, 683 
Tribromobenzenes, 111-114 
3,4,5-Tribromobenzoic acid, 382 
Tricarboethoxymethane, 162, 163 
Tricarbomethoxymethane, 606 
Tricarbonyl compounds, 606, 607 
Trichloroacctamide, 620 
Trichloroacetic acid, 668 
Trichloroacetpiperidide, 620 
1,1,1 - Trichloro - 3 - bromo - 3 - phenyl- 
propane, 667 
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Trichlorocrotonic acid, 322, 323 
Tricyclene, 470, 484, 485 
Triethylamine, 315 
Triethylphosphine, 39, 487 
Triethylphosphine methylimide, 487 
Triethylphosphonium iodide, 39 
Triethylsulfonium iodide, 39 
Trihydroxyglutaric acids, 192, 193 
methyl esters of, 193 

2,4,6-Triisopropylphcnol, 558, 559 
isopropyl ether of, 558, 559 
Trimethylacetaldehyde, 464 
Trimethylamine, 34, 38, 331 
Trimethylamine oxide, 16-20, 34, 425 
Trimethylanilinium iodide, 561 

2.4.5- Trimethylbenzoic acid, 382 

2.4.6- Trimethylbenzoic acid, 382, 385, 

386, 594 

methyl ester of, 385, 386 
Trimethylcyanurate, 640 
Trimethylene bromide, 374 
Trimethylethoxyammonium hydroxide, 
34 

Trimethylethoxyammonium methoxide, 
34 

Trimethylethylene, 46, 454, 455, 475, 
480, 563 

Trimethylisocyanurate, 640 
Trimethylmethoxyammonium ethoxide, 
34 

Trimethylmethox 3 ''ammonium hydrox¬ 
ide, 34 

Trimethyloxonium salts, 43, 44 

2.4.6- Trinitroaniline, 43 

2.4.6- Trinitrobenzazide, 468 

2.4.6- Trinitrophenylisocyanatc, 468 
Trinitrostilbene, 246 
Trinitrostilbene dichloride, 246 
Trinitrotoluene, 671, 674 
Trinitro-m-xylene, 671, 674 

1,1,1-Triphenylacetone, 472, 500, 514 
Triphenylamine, 736 
Triphenylaminium tribromide, 736, 737 
Triphenylbiphenyleneethyl, 697 
l,3,4-TriphenyIbutane-2-one, 502 
Triphenylcarbinol, 497, 508 
Triphenylhydrazyl, 730, 731 
Triphenylisoxazole, 342 
Triphenylmethane, 681, 705, 708 
Triphenylmethide ion, 79, 712 


Triphenylmethyl, 416, 680-690, 694- 
696, 700-709, 715, 716, 722, 728, 
730, 735 

Triphenylmethyl bisulfate, 45, 497 
Triphenylmethyl bromide, 680, 712 
Triphenylmethyl cation, 45, 712, 713 
Triphenylimdhyl chloride, 45, 680, 701 
Triphonylmethyldiphenylamine, 728 

1.1.2- Triphenyl-2-methylethylcne glycol, 

500, 514 

Tnphenylmethyl hydroperoxide, 688 
Triphenylmethyl iodide, 681 
Triphenylmethyl nitrite, 681 
Triphenylmethyl jierchloratc^, 45, 712 
Triphenylmethyl peroxide, 681, 687, 

688 

Triph(uiylmethylsulfinate ion, 712 
TriphenylnitrometliaiKi, 681 
Triphenylni t rosomethane, 681 

1.1.2- Triph(mylpropane-l,2-diol, 500, 514 
Triple bonds, additions to, 303-306 
Triplet states, 749 

Trisulfoxid(‘S, 358, 359 
Tri-p-tolylamine, 737 
Tri-p-t<>lylaminium pcr(‘hlorat(% 737, 738 
Tri-p-tolylaminium picrate, 737 
Troger’s base, 332 
Truxillic acids, 221-223, 324-326 
derivatives of, 324, 325 
Turpentine, 138, 139 
‘Two-mcmlx^red rings, 194, 199 
Type formulas, 213 
Typ<' theories, 679 

Ultraviolet light, 267, 307, 345, 658 
Ultraviolet spectra, 124, 620, 627, 640 
Uncertainty principle, 393-395 
Univalent substitution isomers, 128 
Unpaired electrons, 266, 416-418, 693, 
700, 713, 749; see also Free radicals 
Unreactivity, 368, 373, 374 
Urea, 2, 462, 619 

Ureas from Hofmann and Lossen rc^ar- 
rangtJinents, 459, 460 
Urethans from Hofmann and Lossen re¬ 
arrangements, 459, 460 
Uric acid, 640 

Valence, types of anomalous, 647, 648; 
see also Free radicals 
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Valence, variations in, 91, 647, 648; ftee 
also Free radicals 

Valence bonds, 22, 28-31; see also Bonds 
Valence deviation, 365, 366, 369 
Valence of elements, 93, 94 
Valeric acid, 442 
Vanadous chloride, 702 
Vanillin, 541 
Vapor Umsions, 153, 433 
Vibrations of atoms, 167, 168, 251, 327, 
656 

Vinyl acetate, 704 

Vinyl alcohol, 90, 121, 500; see also 
Acetaldehyde 
Viscosity, 433 
Vital force, 1, 2 

Volatility, 51, 565, 585, 586, 603, 611 

Waals, van der, forays, 8, 25-27, 31, 32, 
94 

Wagner-Meerwein rearrangement, 454; 
see also 1,2-Shifts, retropinacol re¬ 
arrangement 

Wagner rearrangement, 454; see also 
1,2-Shifts, retropinacol rearrange¬ 
ment 

Walden inversion, 162, 259, 269-290j 
316, 317, 537, 547, 714, 715 
at nonasymmetric atom, 276 
conditions for occurrence of, 286 
exceptions to, 287-289, 520-524 
in reactions of sulfmic esters, 356, 357 
in l,2-8hifts, 519-529, 534 
in tram addition, 296 
mechanism of, 289, 290 
Water, 2, 4, 7, 10, 11, 20, 37, 50, 67, 
72-79, 82-84, 94, 242, 435-437, 
456, 457 
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Wave equation, 398, 399, 409 
Wave functions, 397-403, 433, 432 
methods for approximating, 398-403 
physical significance of, 397, 398 
Wave length, effect on specific rotation, 
137, 147 

Werner complexes, 21, 31, 32, 36 
Werner's mechanism of racemization, 
251-254, 294, 331, 359 
Whitmore meclianism of the l,2-8hift, 
475-494, 519, 529 

Wolff rearrangement, see 1,2-Shifts, 
Wolff rtiarrangement 
Wool, 232 
Wurster’s red, 55 
Wurster's salts, 55, 58, 60, 738 

X-ray diffraction, 126,127,166,167, 327, 
332, 370, 371, 653; see also Crystal 
structures 
7«-Xylene, 128 
o-Xylene, 128, 430 
triozonide of, 430 
Xylenes, 104 

Yeast, fermentation by, 242 

Z-form (of cyclohexane), 370 
Zinc, 300, 651, 655, 681, 700, 742, 743 
configuration of, 361, 362 
Zinc ammonium lactate, 239 
Zinc bromide, 562, 564 
Zinc chloride, 46, 454, 555, 568, 612 
Zinc-copper couple, 305 
Zinc diethyl, 674 
Zinc dimethyl, 651 
Zirconium, compounds of, 3 
Zwischenstufen, theory of, see Resonance 
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